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Introduction

The Standard Model (SM) is a quantum field theory developed in the
second half of the 20th century by Weinberg and Salam using Glashow’s
idea and Higgs contribution. It is a renormalizable non-abelian gauge the-
ory which classifies all known elementary particles: the fermions, which are
fundamental spin 1

2
particles constituting the matter, and the bosons, which

are integer spin particles. Furthermore the SM theory describes with great
precision three of the four fundamental interactions of particles: the strong,
weak and the electromagnetic forces.

The SM represents one of the greatest achievements for particle physics
indeed, in the last years many high energy physics (HEP) experiments con-
firmed the SM agreement with the experimental data. The last important
achievement was the discovery of the Higgs boson in the 2012 made at CERN
by ATLAS and CMS experiments.

Despite of the important fulfillments, the Standard Model faces serious
problem: it does not include gravity, it has too many free parameters, and
it fails to high energies. For these and other causes, it is necessary to built a
theory beyond the Standard Model (BSM), which leads to the same correct
SM predictions without its issues.

An example of BSM theory are SUSY(SUper SYmmetric model), the
NMSSM (Next-to-Minimal Supersymmetric Standard Model), the GUT (Gr-
and Unified Theory) and others. In this work a light Hidden Sector (HS) is
considered as BSM model.

The Hidden Sector is a sector weakly coupled to the SM, and the most
simple modelling consists of U(1) simmetry. The corresponding hidden pho-
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INTRODUCTION

ton, also called dark photon kinetically mixes with the ordinary photon
and produces, in the final state, collimated SM particles with Lepton-Jets
structures. The search displayed in this thesis is largely model independent
with a general definition of LJ. The aim is finding a set of selection criteria
to isolate the LJ signature from background, and also to set upper limits
on non-SM Higgs boson decays to LJs according to a specific Hidden Sector
model (the Falkowski-Ruderman-Volansky-Zupan model).

Currently, the ATLAS detector is non designed for exotic physics searches
which predict the existence of long lived particles. In fact, the ATLAS stan-
dard triggers require tracks pointing to the proton-proton interaction point,
moreover, the ATLAS reconstruction cababilities are not designed to detect
particles with very small angles. For this reason, in order to improve the
detector capabilities for searches beyond the Standard Model, the ATLAS
Collaboration planned a Phase-II upgrade 2024 − 2027. One sub-detector
system that will be implemented in the Phase-II upgrade improving the ex-
otics physics searches is the New Small Wheels, which will be installed during
the Phase-I upgrade in the inner part of the end-cap Muon Spectrometer.

The description of the New Small Wheels (NSW), and of the construc-
tion of one of its detector constituents: the MicroMegas SM1 detectors is
the second research activity presented in this thesis The MicroMegas are
gaseous detectors that will be installed in the End-Cap muon spectrometer
as part of the New Small Wheels during the Phase-I upgrade (2019-2020).
The upgrade aims to improve the detector performance at high luminosity
(2 × 1034 cm−2 s−1) installing a set of precision tracking and trigger detec-
tors able to work at high rates of particles. Each MicroMegas detector has
trapezoidal shapes with surface area between 2 and 3 m2, the spatial reso-
lution is better than 100 µm and the rate capability is up to 15 kHz/cm2.
It is the first time that large resistive MicroMegas detectors are employed in
HEP experiment. Moreover the challenge of this technology lies in the high
mechanical and construction precision needed to achieve the required 15%
transverse momentum resolution for 1 TeV muons.
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INTRODUCTION

This thesis is summarized as follow:

Chapter 1 describes the main concepts of the Standard Model and its main
issues, focusing on the Beyond Standard Model theories.

Chapter 2 describes the Large Hadron Collider and the ATLAS detector
showing all the sub-detectors.

Chapter 3 describes the MicroMegas detector technology and the New Small
Wheels, focusing on the construction and QA/QC tests of SM1 mod-
ules.

Chapter 4 focuses on the Hidden Sector and Lepton-Jets search, showing
the Falkowski-Ruderman-Volansky-Zupan models used in this thesis,
the data and Monte Carlo samples, and the trigger applied.

Chapter 5 presents the procedure to select the dark photon signature and
to estimate the background.

Chapter 6 presents the Lepton-Jets search results on proton-proton col-
lisions at

√
s = 13 TeV center of mass energy collected by ATLAS

experiment during 2015 data taking.

3



CHAPTER1
Standard Model and beyond

1.1 The Standard Model

The Standard Model (SM) is a non-Abelian and renormalizable theory,
which is invariant under the SU(3) x SU(2) x U(1) gauge transformations.
It describes three of four fundamental forces (the electromagnetic, weak,
and strong interactions) as well as it defines all the elementary particles
currently known. Presented in the late 60s, the Standard Model finds its
pillar from electro-weak unification, explained by Weinberg and Salam using
the spontaneous symmetry breaking, which leads to the introduction of the
weak boson mediators.[1][2] The spontaneous symmetry breaking was also
used by Higgs (and independently by Brout and Englert) as mechanism by
which particles get masses in order to obtain a renormalizable theory. Indeed,
the Higgs mechanism allows to avoid the problem of the Goldstone theorem
(associated to the spontaneous symmetry breaking) introducing a gauge field
called the Higgs field : a scalar spin 0 field which permeates all universe. The
proof of the validity of Higgs mechanism was the discovery of the Higgs boson
in 2012 by the ATLAS and CMS experiments at CERN.

4



1.1. THE STANDARD MODEL

Figure 1.1: Scheme of fundamental particles and interactions included in
the Standard Model. The graviton boson, which is not yet experimentally
observed, is reported too.

1.1.1 Fermions

The SM establishes that all known matter is made of elementary particles
which obey the Femi-Dirac statistics: the fermions. Fermions are 1

2
spin

particles and they are divided in two main classes: quarks1 and leptons2.[5]
Each class consists of six particles related in pairs, usually called generations.
The first generation, constituted by the lightest and most stable particles,
makes up all the stable matter in the universe, while the other two generations

1Regarding the quark name, Gell-Man in his book said: «In 1963, when I assigned the
name “quark” to the fundamental constituents of the nucleon, I had the sound first, without
the spelling, which could have been “kwork”. Then, in one of my occasional perusals of
Finnegans Wake, by James Joyce, I came across the word “quark” in the phrase “Three
quarks for Muster Mark”». . . «the number three fitted perfectly the way quarks occur in
nature.»[3]

2“From λεπτoς which means small, thin, delicate to denote a particle of small smass.
Today definition has nothing to do with the mass of the particles but only with the fact that
leptons do not have strong interaction but only weak interaction, and, when electrically
charged, also electromagnetic interactions.”[4]

5
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are constituted by heavier and less stable particles, see Fig. 1.1.
In particular, the six leptons are paired in three generations correspond-

ing to three leptonic flavours : the electron (e−) and electron neutrino (νe),
the muon (µ−) and muon neutrino (νµ), the tau (τ−) and tau neutrino (ντ ).
The SM establishes that electron, muon and tau are massive and electrically
charged leptons (with negative charge -e where e ≡ 1.6× 10−19), while neu-
trinos3 are massless with no electrical charge. Moreover all leptonic particles
have weak isospin, in particular for the left-handed leptonic particles (which
are the only experimentally discovered leptons) it is ±1

2
. Additionally to

these features, the SM indicates that each leptonic generation is character-
ized by a specific leptonic number which is conserved. Electron and electron
neutrino have an electronic number Le = 1, muon and muon neutrino have
a muonic number Lµ = 1, while tau and tau neutrino have tauonic number
Lτ = 1. The conservation of the individual leptonic numbers Le = 1 implies
that the number of leptons of the same type remains the same.

The SM indicates that for each leptonic particles there is an antileptonic
particle: e+, µ+, µ+, νµ, νµ, νµ. Each antilepton differs from the lepton only
because some of its properties have equal magnitude but opposite sign4.

On the other hand, the quarks are massive particles with fractional elec-
trical charge of +2

3
e or −1

3
e, carry also weak isospin of ±1

2
. Like leptons,

the quarks are classified in three generations of particles: up (u) and down
(d), strange (s) and charmed (c), top (t) and bottom (b). In order to keep
valid the Pauli principle for quark composites, quarks have a quantum num-
ber colour which can assume three values: red, blue and green.[6] The SM
establishes that only color-neutral particles can exist as free particle, there-

3“The name ‘neutrino’ (a funny and grammatically incorrect contraction of ‘little neu-
tron’ in Italian: neutronino) entered the international terminology through Fermi, who
started to use it sometime between the conference in Paris in July 1932 and the Solvay
Conference in October 1933 where Pauli used it. The word came out in a humorous con-
versation at the Istituto di Via Panisperna. Fermi and Amaldi discussed about the Pauli’s
hypothesis of ‘light neutron’. For distinguishing this particle from the Chadwick neutron
Amaldi jokingly used this funny name.”[4]

4Regarding neutrinos, there are not yet enough experimental observations to conclude
if they are Dirac or Majorana fermions, i.e. if they are their own antiparticles.
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fore quark can’t be isolated but they are found only within hadrons5. This
phenomenon, known as color confinement, allows only the formation of color-
neutral hadronic particles like mesons (which are constituted by a quark and
an antiquark), and baryons (which consists of three quarks). Similarly to
the leptons, the SM establishes that for every quark flavour there is a cor-
responding type of antiquark denoted with the symbols u, d, s, c, t, b. The
antiquarks differ from the quark only because some of its properties have
equal magnitude but opposite sign.

1.1.2 Interactions and gauge bosons

The Standard Model describes three of the four fundamental interactions
between the fermion constituents, as resulting of exchanging force-carrier
particles which are gauge bosons. As shown in Fig. 1.1, for each fundamental
force there is a gauge boson: the massless gluons for the strong interaction,
the photon for the electromagnetic one, the massive W± and Z0 bosons for
the weak interaction and finally the graviton, which is not yet observed, is
supposed to be the massless spin 2 gauge boson of gravity.
The SM includes:

• the strong interaction (or strong nuclear force) between “coloured”
particles like quarks and gluons at a range of ∼10−15m. It is responsible
for the confinement of quarks in hadrons, and also of binding protons
and neutrons in the atomic nuclei.

• the weak interaction (or weak nuclear force) which acts only on lep-
tons and quarks and it is responsible for radioactive decay and nuclear
fission.

• the electromagnetic interaction affects only the electrical charged
particles and it is responsible for extra-nuclear physics phenomena like
interactions among atoms or molecules. As already said, in the late of

5Strongly interacting particles. From Greek αδπoς which means large, massive, in
contrast to λεπτoς.
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60s the description of electromagnetic and weak forces was unified in
the electro-weak interaction.

The last fundamental force is the gravity which is not included in the SM
theory. Although all massive particles undergo gravitational interactions, it
is neglegible at quantum level.

1.2 Standard Model limitations

Although the Standard Model has demonstrated huge successes in provid-
ing experimental predictions, it is not a complete theory.[7] Indeed it leaves
many unanswered theoretical questions and unexplained experimental phe-
nomena which are considered as a smoking gun evidence for physics beyond
the SM.

Here a list of the main SM limitations:

• the SM does not explain why the fundamental particles are divided in
three generations and why all matter only consists of first generation
quarks.

• The SM Lagrangian depends on 19 free parameters (6 quark masses,
3 lepton masses, 3 CKMmixing angles, the CKM CP-violating Phase, 3
gauge couplings, the QCD vacuum angle, the Higgs vacuum expectation
value and the Higgs mass) which are not predicted by the theory but
only experimentally obtained.

• The SM is supposed to be a low energy effective theory of a more
general theory valid at the Planck scale6. Indeed at Planck energy
the coupling constants should be unified, and a grand unified theory
(GUT) must be used. Therefore, there are two very different scales: the
electroweak breaking scale (∼ 100 GeV) and the grand unification scale
(∼ 1019 GeV). The huge difference between these two scales is indicated

6The Planck scale is constituted by values of mass, energy, time and length for which
the gravitational quantum effects are not negligible: MP ∼ 10−8 kg, EP ∼ 1019 GeV,
tP ∼ 10−44 s and lP ∼ 10−35 m
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as hierarchy problem or “naturalness problem”. Moreover, there is
the problem of Higgs mass instability to high energies caused by the
presence of quadratic divergences (∝ Λ2) in the quantistic corrections
of Higgs mass parameter.[8]

• As already said, the SM does not describe phenomena at the Planck
energy scale (∼ 1019 GeV). At this energy level, in fact, the gravity is
not renormalizable, then no longer negligible. Therefore the SM does
not include one of the four fundamental interactions: the gravity.

• The SM does not solve the matter-antimatter asymmetry in the uni-
verse which leads to an imbalance between barionic and antibarionic
matter, usually known as baryogenesis.[7]

• Despite of the SM indications for which neutrinos are massless, in 1998
was observed for the first time, the neutrino oscillation. Predicted
in 1957 by Bruno Pontecorvo, it implies that neutrino has non-zero
mass, moreover this process violates the conservation of the individual
leptonic numbers (still preserving the conservation of the total leptonic
number).

• In the SM, each lepton (l = e, µ, τ), as Dirac fermion, has a magnetic
moment along its spin, given by

−→µl = gl
Q

2ml

−→s (1.1)

where ml is the lepton mass, Q = ±e is the electric charge and gl

is a dimensionless quantity called g-factor. The Dirac theory predicts
that for all leptons gl = 2, but from the experimental observations it is
known to be greater than 2. Theoretically, the SM explains this small
deviation, called anomaly, with respect to the Dirac value as quantum
fluctuations, therefore the g-2 factor can be defined as:

gl = 2(1 + al), al =
gl − 2

2
(1.2)
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where al represents the anomaly. Unfortunately the experimental value
of the muon magnetic moment does not confirm the theoretical SM
predictions, also taking into account the anomaly. In particular, be-
tween the theoretical value and the experimental observations made at
Brookhaven National Laboratory, there is a difference of 3 − 4 stan-
dard deviations.[9] This phenomenon, known as muon anomalous
magnetic dipole moment, is one of the most compelling indicator
of physics beyond the SM.

• The SM does not explain the nature of theDark Matter7 even if, from
cosmological observations the dark energy makes up approximately the
68% of the universe. The dark energy, indeed, is evenly distributed
throughout the universe, therefore it does not have any local grav-
itational affects, but it does have a global effect on the whole uni-
verse.[10] Two of the most known astrophysical anomalies which may
constitutes indirect evidence of DM coming from the PAMELA and
FERMI satellites. Indeed both the experiments detected an excess of
leptonic cosmic-rays which could be explained assuming DM annihila-
tions.[11][12]

In particular, PAMELA is a russian satellite with the purpose of study-
ing the cosmic radiation in the range 1.5− 100 GeV. As shown in Fig.
1.2, PAMELA has detected in the range 10 − 100 GeV an excess of
positron fraction

(
Ne+

Ne++Ne−

)
with respect to the electrons fraction.

This abundance of cosmic-ray positrons is not explained by the SM,
for which the cosmic positrons are generated by the “secondary pro-
duction”, i.e., by interactions between cosmic-ray nuclei and interstellar
matter.

On the other hand, the FERMI satellite is a gamma-ray space telescope
launched into the space in 2008, which observed an excess of e+e−

cosmic-rays with respect to the SM predictions, at energies above 1 TeV.
7Dark Matter and dark energy are different concepts. Dark Matter is responsible for

the unexpected rotational speed of galaxy, while dark energy answers the increasing linear
acceleration of the galaxies.
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Figure 1.2: Picture showing the comparison between the positron cosmic-
ray fraction observed by PAMELA (red points) and the SM expected one
calculated according to the mechanism of secondary production (black curve).
Data and theoretical expectation disagreed in the whole studied cosmic ray
energy range, except the energy interval 5-7 GeV.

As will be described in the chapter 4, a possible explanation for these
anomalies consists to suppose that the DM is charged under a hidden
sector. Therefore the DM can annihilate into the hidden sector gauge
boson, called dark photon γD, which can decay back to the SM. If the
dark photon is light (mγD ∼ O(1 GeV)) the annihilation rate obtained
can explain the PAMELA and FERMI anomalies.[13]

1.3 Some theories beyond the Standard Model

Physics beyond the Standard Model (BSM) refers to the theories devel-
oped to solve the Standard Model limitations. Unfortunately, none of the
mentioned above defects sharply points to a specific SM extensions, nor sug-
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gestes us which kind of experiments to use. Therefore during the last years,
a wide range of theories has been elaborated, and many physics experiments
all over the world are looking for experimental evidences.

A possible SM extension that would solve the hierarchy problem, is ob-
tained introducing a new symmetry, called supersymmetry (in the fol-
lowing SUSY). Through the introduction of new supersimmetrical particles,
the quadratic divergences in the Higgs mass parameter, will be cancelled
in perturbation theory. The supersymmetric theory establishes that each
SM particle has an identical superpartner, which differs only for the spin
of ±1

2
. Therefore to each SM fermion corresponds a supersymmetric bo-

son with spin=0, wiceversa to each SM boson corresponds a supersymmetric
fermion. For example to the SM Higgs boson (with spin 0) will correspond
the SUSY fermion higgsino (with spin= 1

2
); to the SM photon corresponds

the SUSY photino (s=1
2
) and to the SM electron (s=1

2
) corresponds the se-

lectron (spin=0). Conventionally, SUSY fermions, associated to SM bosons,
have the suffix “-ino”, while SUSY bosons, associated to SM fermions, have
the prefix “s-”. The supersimmetric particles can be considered as dark mat-
ter constituents because it is always possible formulate the existance of a
lightest supersymmetric particle which should be light and permanent.

Although SUSY was considered for years as a front-runner of BSM the-
ories, up to now there are no experimental evidences of the validity of this
theory.

An ulterior example of theory beyond the SM is the Grand Unified
Theory (GUT), in which the three gauge groups SU(3), SU(2) and U(1)
corresponding to the SM interactions strong, weak and electromagnetic, are
embedded in a grand unified gauge group. Therefore, at sufficiently high
energies (∼ 1016 GeV, called GUT scale), all the interactions would be de-
scribed by one single coupling constant gG. Two possible Lie groups wich
could be the GUT symmetry group are SU(5) or SO(10). Historically, the
first GUT was developed by Georgi and Glashow in 1974, using the SU(5)
symmetry group.[7]

Following this idea, several models were developed in order to built the
Theory of Everything (ToE), which would unify all the fundamental in-
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teractions of nature. The ToE, in fact, should provide the unification of the
GUT force with gravity at the Planck energy (∼ 1019 GeV). Unfortunately
at the moment there are no experimental evidences of GUT or ToE.
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CHAPTER2
LHC and the ATLAS detector

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a circular proton-proton collider lo-
cated at CERN nearby Geneva, Switzerland. Founded in the 1954, CERN
holds the largest particle physics laboratory in the world, with 2500 employers
who design and build particle accelerators ensuring their smooth operation.
Some 12 000 visiting scientists from over 70 countries and with 105 differ-
ent nationalities, come to CERN for their research. CERN laboratories are
also involved in technology transfer and engineering, energy and computing
researches.

Figure 2.1: With a circumference tunnel of almost 27 km, the Large
Hadron Collider lies up to 100-175 m beneath the French-Swiss border near
Geneva.[14]
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2.1. THE LARGE HADRON COLLIDER

Figure 2.2: Cumulative luminosity versus day delivered to ATLAS during
stable beams. All data-taking periods with the corresponding center of mass
energy for proton-proton collisions are reported.[15]

The main accelerator located at CERN is LHC, which has been put into
operation in 2008, and it is constituted by a circular ring of 26.7 km length
lied at 100-175 m below the ground.

LHC is designed to accelerate in opposite directions hadron, protons or
even heavy ions beams. In case of protons beams the technical specifications
provide a center of mass energy of

√
s = 14 TeV and an instantaneous lu-

minosity of L = 2 − 3 × 1034 cm−2 s−1. During the so-called Run-2 data
taking, which covers the period 2015 − 2018, the center of mass energy for
proton-proton collisions is 13 TeV. Up to 9 October 2017 the instantaneous lu-
minosity peak is 1.74×1034 cm−2 s−1, and the integrated luminosity recorded
is 68.7 fb−1.[15] Fig. 2.2 show the center of mass energy and the integrated
luminosity for every data taking periods.

LHC is composed by two rings of 4.2 km radius corresponding to two
beamlines travelling in opposite directions and horizontally distant 194 mm.
Each beam is constituted by bunches of 1.15·1011 protons, separated by 25 ns
(bunch spacing).[16] The number of bunches per beam is 2835. Convention-
ally the clockwise circulating beam is called beam 1, while the anticlockwise
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(a) LHC superconducting dipole (b) LHC supercontucting quadrupole

Figure 2.3: Schematic cross section view of LHC superconducting magnet:
the picture 2.3a shows a dipole, while the 2.3b shows a quadrupole magnet

circutating one is beam 2.
To bend the beams in order to keep them in the right direction, 1232 su-

perconductiong dipoles of 15 m length are installed, while to keep the beams
focused 392 superconducting quadrupole magnets are installed, see Fig. 2.3
for a schematic view of their cross sections. The LHC superconducting mag-
nets take advantage of a technology based on Rutherford Cables (constituted
by 6 µm thick filaments of Niobium-Titanium) dipped in superfluid helium
at a temperature of 1.9 K, wrapped in coils which generate, with the passage
of current, a magnetic field of almost 8.4 T.[17]

The LHC structure, see Fig. 2.4, is constituted of eight bending arcs sepa-
rated by eight insertions. The middle of each insertion is called insertion point
(IP), therefore there are eight insertion point IP1, IP2, etc. The part of the
ring between two successive insertion points is called sector. The two beams
cross at particular insertion points called interaction points, with an angle
of 200 µrad. The angle is small in order to reduce the number of unwanted
proton-proton interactions occurred near the interaction point. For data-
taking period Run-2 during 2017, the mean number of inelastic interactions
per bunch-crossing is almost 32 (see Fig. 2.7 for the pile-up distribution).[15]

As shown in Fig. 2.4, at each of the four LHC interaction points, a physics
experiment is located:
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Figure 2.4: Schematic view of LHC ring showing the four interaction points
with the corresponding experiments.

• ATLAS placed at the insertion Point-1. See Sec. 2.3 for details.[18]

• ALICE placed at the insertion Point-2.[19]

• CMS placed at the insertion Point-5.[20]

• LHCb placed at the insertion Point-8.[21]

The number of events produced per unit time
(
dNev

dt

)
is called rate, and

it is proportional to LHC instantaneous luminosity (L) and to the proton-
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proton cross-section (σ):
dNev

dt
= σ · L (2.1)

The unit of measurement in the international system (SI) is s−1cm−2, in the
non-SI units is b−1 s−1.[6] The instantaneous luminosity L doesn’t depend
on physics process, but only on beam properties:

L =
N2nbfrevγr

4πεnβ∗
F (2.2)

where N is the number of protons per bunch; nb is the number of bunches
per beam; frev is the revolution frequency, i.e. the frequency with which
bunches interact; γr the relativistic factor. The denominator represents the
cross-sectional area of overlap of the beams: εn is the normalized transverse
emittance; β∗ is the value of beta function at interaction point and F is the
luminosity reduction factor caused by the crossing angle.[16] For the value of
these parameters at LHC see Tab. 2.1.

The integrated luminosity (Lint) is defined as the amount of data collected
in a time Lint =

∫
Ldt. It is very important because it is directly related to

the number of observed events:

Nev = σ · Lint (2.3)

The unit of measurement in SI is cm−2, in the non-SI units is b−1.

2.2 CERN accelerator complex

LHC is not the unique machine located at CERN. To reach the record
energy of 6.5 TeV for each of the two proton beams, LHC requires a suc-
cession of machines that boosts the energy of particles before injecting the
beam into the next machine. This chain of accelerators, most of which have
their own experimental halls for experiments at lower energy, is called CERN
accelerator complex, see 2.5.[22]

The protons source is a simple bottle of gas hidrogen in which an elec-
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Parameter Symbol Unit Value

Machine circumference 2πR [m] 26658.883

Number of arc 8

Ring separation [mm] 194

Number of insertion 8

Number of interaction point 4

Energy E [TeV] 7.0

Dipole field B [T] 8.4

Luminosity L [cm−2s−1] 1034

Injection energy Ei [GeV] 450

Number of bunches nb 2835

Bunch spacing τb [ns] 24.95

Particle per bunch N 1.05 · 1011

Stored beam energy Es [MJ] 334

Normalized transverse emittance εn [µm rad] 3.75

β-value at IP β∗ [m] 0.5

rms beam radius at IP σ∗ [µm] 16

γ transition γ 53.7

Luminosity per bunch collision Lb [cm−2] 3.14 · 1026

Crossing angle φ [µrad] 200

Revolution frequency frev [kHz] 11.1

Luminosity reduction factor F [rad] 0.9

Table 2.1: LHC performance parameters.
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Figure 2.5: Schematics view of the entire CERN accelerator and detector
complex. Length of circumference and start of physics data collisions are
reported.

tric field is used to remove electrons from the atoms, and obtain protons.
LINAC2 is the first accelerator of the chain where protons are brought
up to the energy of 50 MeV. Subsequently, they are injected in Proton
Synchrotron Booster (PSB) which accelerates them up to the energy of
1.4 GeV.

Later, the beam is injected in Proton Synchrotron1 (PS) which brings
it up to 25 GeV of energy. PS is followed by Super Proton Synchrotron2

(SPS) which accelerates the protons up to an energy of 450 GeV. Finally the
protons are injected in LHC in two different pipes and they are brought up
to 6.5 TeV during the Run-2.

Protons are not the only particles colliding in LHC, in fact lead nuclei
are accelerated first by LINAC3 , subsequently by Low Energy Ion Ring
(LEIR) and then after the same chain of machines as the proton, they are
injected in LHC.

1With 627 m of length and 100 dipoles, the Proton Synchrotron was the first syn-
chrotron built at CERN in 1959.

2With a circumference of 7 km and 744 dipoles, the Super Proton Synchrotron is the
second biggest CERN machine. It was inaugurated in 1976 and it was used for important
scientifical researched like the discoveries of W and Z in 1983.
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Finally, we must say that the CERN accelerator complex includes also the
Antiproton Decelerator , theOnline Isotope Mass Separator (ISOLDE)
facility. Moreover the accelerator complex feeds the CERN Neutrinos to
Gran Sasso (CNGS) project and the Compact Linear Collider (CLIC)
test area, as well as the neutron time-of-flight facility (nTOF).

2.3 The ATLAS detector

As a general-purpose detector, ATLAS does not focus on a single topic,
but investigates a wide area of physics researches involving not only proton-
proton collisions but also heavy ions collisions (in particular lead nuclei at
5.5 TeV). The ATLAS main physics researches[23] are:

Higgs boson The Higgs mechanism, theorized in 1960, explains how the
elementary particles gain mass by the interaction with the Higgs field.
The carrier particle Higgs boson was discovered in 2012 and the theo-
retical physicist Peter Higgs and François Englert received the Nobel
Prize the next year.

Dark matter The matter of Universe is dominated by an unknown type
of matter called dark matter. If the constituents of dark matter are
new particles, ATLAS should discover them and solve the mystery of
dark matter. It is possible that this new particle is the lightest particle
postulated in theories of supersymmetry.[24]

Antimatter There is no intrinsic difference between particles and antiparti-
cles3, this means that the laws of physics for particles and antiparticles

3In 1927 Dirac formulated an equation to describe free electrons with energy given by
relativistic formula E2-p2c2 =m2c4, but it leads to the conclusion that for every positive-
energy solution it is admitted a corresponding solution with negative energy. This meant
that the electron should run away to increasingly negative states, radiating off an infinite
amount of energy. To rescue his equation, Dirac postulated that the negative energy states
are all filled by an infinite sea of electrons. The absence of one electron in the sea, would be
interpreted as a net positive charge and a net positive energy. In 1931 Carl D. Anderson,
with a cloud chamber, photographed a track left by cosmic ray particle which had positive
charge and mass close to that of the electron: he discovered the positron, the electron
antiparticle. [25]
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are almost identical, therefore it is not explained why in the universe
there is a big difference between the amount of matter and antimatter.
In order to answer this question, we need to better understand that
tiny part of the laws of physics that differ for matter and antimatter
and, therefore, is important to study the differences in the decays of
B-mesons and their antiparticle partners.

Extra dimension An indication for extra dimensions may be the extreme
weakness of gravity compared with the other three fundamental forces.
This weakness may be due to gravity’s force field spreading into other
dimensions. The ATLAS experiment may see evidence that extra di-
mensions exist via collision events in which a graviton particle disap-
pears into other dimensions, in this case ATLAS should detect a large
imbalance of energy in the event.

New forcesMany grand unified theories predict the existence of two carrier
particles called Z prime (Z’) and W prime (W’) which lead to the
theorization of new forces.

In order to investigate all these physics topics, the ATLAS detector must
satisfy technical caracteristics:

• Very good electromagnetic calorimetry for electron and photon iden-
tification, complemented by hadronic calorimetry for accurate jet and
missing transverse energy measurement.

• Good charged-particle momentum resolution and good reconstruction
efficiency in the innermost tracking detectors.

• Good muon identification and momentum resolution over a wide range
of momenta, and the capacity to determine without ambiguity the
charge of high pt muons.

• Large acceptance in pseudorapidity4 with almost full azimuthal angle
coverage.

4See Sec. 2.3.1 for a mathematical definition.
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• Highly efficient triggering on low transverse momentum objects with
sufficient background rejection.

The Fig. 2.6 shows the structure of the ATLAS detector. In order to
detect almost all types of particles produced in proton-proton collisions, AT-
LAS is cylindrically shaped and structured like an onion with different layers
of concentric detectors. In this way ATLAS is nominally forward-backward
symmetric with respect to the interaction point. The external dimensions
are 44 m in length and 25 m in eight, with an overall weight of 7000 tonnes.

The main components of the ATLAS detector are:

1. Magnet system for bending the charged-particle path.

2. Inner Detector which reconstructs the particle flight and determines
primary and secondary vertex.

3. Calorimeters which measure electrons, photons and jets energy.

4. Muon Spectrometer for muon identification and momentum mea-
surement.

The magnet configuration, see Sec. 2.3.2, is based on an inner supercon-
ducting solenoid around the inner detector cavity, and three large supercon-
ducting air-core toroids (one barrel and two End-Caps (EC) magnets). This
air-core toroid system is able to generate a large field volume and strong
bending power.

The Inner Detector (ID), see Sec. 2.3.3, is embedded in a magnetic field
from a 2 T solenoidal. Momentum and vertex measurement are achieved
with a combination of high-resolution pixel and strip detector in the inner
part of the tracking volume.

Around the ID, electromagnetic and hadronic calorimeters are located.
The Liquid Argon (LAr) electromagnetic calorimeter covers the pseudora-
pidity range |η| < 3.2. It is highly granular sampling and allows to reach ex-
cellent performance in terms of energy and position resolution. On the other
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Figure 2.6: Schematic overview of the ATLAS detector and its subdetec-
tors.

hand, the hadronic calorimeter is constituited by a scintillator-tile calorime-
ter which covers the pseudorapidity region |η| < 1.7. The Tile calorimeter
consists of one barrel cylinders and two smaller EC cylinders. Moreover in
the EC region a LAr hadronic End-Cap calorimeter is installed to extend the
η coverage up to 3.2 < |η| < 4.9. See Sec. 2.3.4 for a detailed description.

The most external detector is the Muon Spectrometer (MS), see Sec.
2.3.5. It is immersed in a toroidal magnetic field, and it allows to keep
track of muons which reach the last layer of ATLAS. The MS detector has
an excellent muon momentum resolution, achieved using three stations of
high-precision tracking chambers. Moreover the MS consists of fast trigger
chambers with time resolution of almost 1-2 ns.[18] In addition to the main

subdetectors, ATLAS consists of three smaller detectors installed at very
high η region:

• LUminosity measurement using Cherenkov Integrating Detec-
tor (LUCID) which is a relative luminosity detector,
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• Zero-Degree Calorimeter (ZDC) which detects forward neutrons in
heavy-ion collisions,

• Absolute Luminosity For ATLAS (ALFA).

In particular, the LUCID detector, described in Sec. 2.3.6, is a Cherenkov
light detector dedicated to detect inelastic proton-proton scattering in order
both to measure the integrated luminosity and to provide online monitoring
of the instantaneous luminosity and beam conditions. The ATLAS recorded
luminosity has lower efficiency with respect the LHC delivered one, e.g. for
the Run-2 data-taking the delivered luminosity is 74.6 fb−1 while the ATLAS
recorded one is 68.7 fb−1. This is due to the DAQ inefficiency and to the
so called warm start of the detectors. In fact when the stable beam flag
is raised, the tracking detectors need time to undergo a ramp of the high-
voltage and, the pixel system to turn on the preamplifiers.[15] The online
luminosity measurement is used for the calculation of the number of inelastic
interactions per bunch crossing (usually referred to as pile-up), see Fig. 2.7.

2.3.1 The coordinate system and kinematic variables

The coordinate system used in ATLAS is right-handed with origin in the
nominal interaction point.[26] The z-axis is oriented along the beam pipe and
the x-y plane is transverse to the beam direction (with the x-axis pointing
towards the center of the LHC ring and the y-axis points vertically upward).
Conventionally side-A refers to the ATLAS detector with positive z-axis,
while side-C refers to the ATLAS detector with negative z-axis. Due to the
ATLAS cylindrical symmetry, in the tranverse plane cylindrical coordinates
are used: the azimuthal angle φ is measured around the beam pipe, the polar
angle θ is measured with respect to the beam pipe.[27]

Usually in particle physics, rather than use θ, it is used the pseudora-
pidity η, which is related to the angle of the particle with respect to the
beam pipe as:

η = − ln

[
tan

(
θ

2

)]
(2.4)
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Figure 2.7: Luminosity-weighted distribution of the mean number of in-
teractions per crossing for proton-proton collisions collected during Run-2
(up to 13 September 2017). The mean number of interactions per crossing
µ corresponds to the mean of the poisson distribution of the number of in-
teractions per crossing calculated for each bunch. It is calculated from the
instantaneous luminosity per bunch Lbunch, the inelastic cross section σinel
and the revolution frequency frev as µ = Lbunch·σinel

frev
.[15]
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In HEP experiments the pseudorapidity is used because it coincides with
the rapidity.5 The advantage is that the particle production is constant as
a function of rapidity and differences in rapidity are Lorentz invariant under
boosts along the longitudinal axis. In the ATLAS detector the “forward”
(“backward”) direction refers to regions close to the beam axis at high |η|,
with positive (negative) z-direction.

Other useful physics quantities to describe the relativistic kinematics of
a particle are:

• The transverse momentum, the transverse energy are defined in
the x-y plane, i.e., in the transverse plane to the beam pipe. The trans-
verse momentum is defined as pT =

√
p2
x + p2

y, while the transverse
energy of a massive particle is defined as ET =

√
m2 + p2

T .

• The missing transverse momentum, also called transverse missing
energy (MET), is related to the energy expected (from the lows of en-
ergy conservation and momentum conservation) but not detected due to
sereval effects: (i) the presence of weakly, or not, interacting particles;
(ii) dead detector regions; (iii) particles not coming from the primary
collision. In proton-proton high energy collisions MET is intensively
used, because although the proton energy is known, the energy of inter-
acting quarks and gluons is unknown. Since the transverse momentum
of incident quarks and gluons is negligible (piT ' 0), the total trans-
verse momentum in the initial state is zero

∑
i

piT ' 0, therefore also

the total transverse momentum in the final state has to be zero6. The
imbalance in the total transverse momentum is the transverse missing

5The rapidity is defined as:

y =
1

2
ln

(
E + pz
E− pz

)
where pz = |−→p | · cos θ and E =

√
m2 +−→p 2. For highly collimated particles |−→p | � m,

therefore
y ' 1

2
ln

(
1 + cos θ

1− cos θ

)
' η

6Effects like the initial state radiation of interacting quarks, the presence of dead de-
tector regions have to be taken into account.

27



2.3. THE ATLAS DETECTOR

energy.

• The 3-D angular separation of two particles is expressed in terms of
∆R which is defined in the η-φ space as:

4R =

√
(4η)2 + (4φ)2 (2.5)

• The invariant mass minv of two or more i-particles is defined as:

minv =

√∑
i

p2
i (2.6)

where pi = (Ei,
−→pi ) is the four-momenta of the considered i-th particles.

• The radiation length X0 is defined as the mean path length required
to reduce the energy of an electron of a factor 1

e
. The radiation lenght

depends on the atomic number of the material and on the mass of the
incident particle. This physics quantity is important for electromag-
netic calorimeter.

• The nuclear interaction length λ, similarly to X0, is defined as the
mean path length required to reduce the energy of a hadronic charged
particle of a factor 1

e
.

2.3.2 The magnet system

The ATLAS magnet system is particular important to measure the trans-
verse momentum of produced charged particle, and it consist of:

• A Central Solenoid (CS)[29]

• An air-core Barrel Toroid (BT)[30]

• Two air-core End-Cap Toroids (ECT)[31]

The main parameters characterizing all the elemts of the ATLAS magnet
system are summarized in Tab. 2.2.
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Property Feature Unit CS BT ECT

Size

Inner diameter m 2.46 9.4 1.65
Outer diameter m 2.56 20.1 10.7
Axial length m 5.8 25.3 5.0
Number of coils m 1 8 2 x 8

Mass Conductor tons 3.8 118 2 x 20.5
Coil mass tons 5.4 370 2 x 140

Coils

Turns per coil 1154 120 116
Nominal current kA 7.73 20.5 20.5
Stored energy GJ 0.04 1.08 2 x 0.25
Field in the
windings

T 2.6 3.9 4.1

Field in the bore T 0.9 - 2.0 0.2 - 2.5 0.2 - 3.5

Conductor
Number of strands 12 38 - 40 40
Strand diameter mm 1.22 1.3 1.3
Temperature
margin

K 2.7 1.9 1.9

Table 2.2: Magnet system main parameters.[28]
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The Central Solenoid, see Fig. 2.8b, consists of a single layer coil of
5.3 m long and 5 tons heavy which axis coincides with the beam axis. The
superconducting coil is wound with an Al stabilized NbTi conductor and
operates at a nominal current of 7.73 kA, allowing a stored energy of 38
MJ.[32][28] With 1173 turns, it is designed to provide 2 T axial field pointing
in the positive z-direction. Moreover, to achieve the desired calorimeter per-
formance, the layout was optimized to keep the material thickness in front
of the calorimeter as low as possible, in fact, the total solenoid (coil plus
cryostat wall) thickness is 0.83 X0. This require that the solenoid windings
and LAr calorimeter share a common vacuum vessel.[33]

The Barrel Toroid, see Fig. 2.8a, is 25.3 m long, with an outer diameter
of 20.1 m, and it consists of 8 superconducting coils with 120 turns. Each
coil is 25 m long and 5 m large with a diameter of 1 m and operates at a
temperature of 4.5 K. The barrel toroid operates at a nominal current of 20.5
kA providing a 4T axial field. The advantage of using a magnet toroid is that
the magnetic field direction is almost perpedicular to the particle direction
of flight. Moreover an air-core toroid can minimize the number of multiple
scattering from particles cross through the detector.

The End-Cap Toroid, see Fig. 2.8c, consists of 8 superconducting coils
with 116 turns, bolted and glued together into a rigid structure able to re-
sist the Lorentz forces.[33][18]. The EC toroid generates the magnetic field
requiring for optimizing the bending power in the EC regions of the muon
spectrometer system.

The superconducting ATLAS magnet system takes advantages of the
cryogenic and vacuum system. Regarding the vacuum system the insulat-
ing of the barrel and EC toroids is achieved with diffusion pumps directly
attached to the coils. The insulating of the central solenoid is installed inside
the cryostat of the LAr barrel calorimeter, therefore the insulation vacuum
is controlled by the LAr cryogenic system, not by the magnetic system.

The cryogenic system is very important for the functioning of the ATLAS
superconducting magnets. Three different cryogenic fluids are used:
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(a) Barrel magnet toroid

(b) Central magnet solenoid (c) Lowering of the End-Cap magnet
toroid

(d) Schematic view of magnet system

Figure 2.8: Overview of the different parts of the ATLAS Magnet System:
Fig. 2.8a shows a picture of the barrel toroid, Fig. 2.8b of the central solenoid
and Fig. 2.8c of the End-Cap toroid. To summarize, Fig. 2.8d is a digital
picture representing the windings of the entire ATLAS magnet system.
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• Helium for cooling the superconducting magnets up to 4.5 K,

• Argon for the detector calorimetry,

• Nitrogen as an auxiliary fluid.

All the ATLAS coils take advantage of He circulating in Al cooling tubes
connected to the cold mass. In particular, in the barrel toroid, each coil has
its own cryostat, instead, in the EC toroid, due to the small dimension, one
large cryostat per side is used.[18]

2.3.3 The Inner Detector

The Inner Detector is the innermost part of the ATLAS detector. It is
designed to provide excellent momentum resolution and track reconstruction
for charged particles with pT > 0.5 GeV and |η| < 2.5.[34]
In particular the resolution of the momentum measurement is given by7:

σpT
pT

= 0.05% · pT ⊕ 1% (2.7)

The ID is sorrounded by the central solenoid, see Sec. 2.3.2, therefore it is
immersed in a 2 T magnetic axial field.

As shown in Fig. 2.9, the ID consists of a barrel part constituted by
cylindrical layers of sensors, and two EC parts where the sensors are arranged
in disks. The ID is constituted by three distinct subdetectors:

1. Pixel detector

2. SemiConductor Tracker (SCT)

3. Transition Radiation Tracker (TRT).

The main technical parameters of these three subdetectors are summa-
rized in Tab. 2.3.

7The symbol ⊕ means quadratic sum.
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System Position Channels
(106)

Area
[
m2
]

Resolution
[µm]

η cover

Pixels
1 removable barrel 16 0.2 z=115

Rφ=10
±2.5

2 barrel layers 80 1.4 z=115
Rφ=10

±1.7

2 x 4 EC disks 43 0.7 R=77
Rφ=12

1.7-2.5

SCT 4 barrel layers 3.2 34.4 z=580
Rφ=17

±1.4

2 x 9 EC wheels 3.0 26.7 R=580
Rφ=17

1.4-2.5

TRT axial barrel straw 0.1 170
(per straw)

±0.7

radial EC straw 0.35 1370
(per straw)

0.7-2.5

Table 2.3: Main parameters of the ATLAS Inner Detector. The resolutions
mentioned are mean values (the real resolution in each detector depends on
|η|).

The Silicon Pixel Detector is designed to provide a very high-granu-
larity and high-precision track measures as close as possible to the interac-
tion point. As solid-state ionization chamber, when each pixel is crossed
by charged particles there is the production of an electron-hole pair which
generates an electric signal. The Silicon Pixel Detector is able to provide
excellent transverse impact parameter and vertex resolution also in presence
of high track density. Moreover, it is designed to find short-lived particles
such as b-quarks and τ -leptons, therefore the Silicon Pixel Detector provides
excellent b-tagging and b-triggering abilities.[35]

In the barrel region the system consists of four coaxial cylindrical pixel
layers with a radius of almost 3 cm, 5 cm, 9 cm and 12 cm, as shown in
Fig. 2.9, while in each of the EC regions there are three pixel disks. The
innermost layer of Pixel Detector is called Insertable B-Layer (IBL).[36]
The IBL is the closest detector to the interaction point and it was installed
during the first Long Shutdown LS1 in 2013-2014.

Totally the Silicon Pixel Detector is composed by more than 2 000 modu-
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lar units and almost 80 million readout channels. Each pixel is 256 µm thick
with a surface Rφ×z of 50×400 µm2, and the spatial resolution is 14 µm on
Rφ-cordinate and 115 µm on z-coordinate.[37]

The SemiConductor Tracker, like the Pixel Detector is a silicon-based
detector, but the SCT takes advantage of microstrips technology wich allows
to provide a bidimensional position measurement.

With a length of 5.4 m and more than 6 million of readout channels, the
SCT is the intermediate detector of ATLAS ID and it consists of a barrel and
two EC parts. The barrel part covers a radial range of ∼30-51 mm and it
consists of four concentric cylinder layers each of which contains 2112 silicon
modules. Instead each EC part contains 1976 silicon modules arranged in
nine disks.

The SCT detector provides a spatial resolution per layer of 17 µm on Rφ-
direction (because the strips are 80 µm apart) and 580 µm on z-direction.[37]

The Transition Radiation Tracker, see Fig. 2.9, is constituted by a
barrel and two end-cap components. It is the outermost detector of the
ATLAS ID and it is designed to provide position measurement in Rφ-coor-
dinate.[38]

The basic TRT detector elements are proportional drift tubes (called
straw tubes or simply straws) with a diameter of 4 mm which act as a cathode.
In the center of each straw tube, as anode, a 0.03 mm diameter gold-plated
tungsten wire is placed.[37] Each straw is filled with a a gas mixture of 70%
Xe + 27% CO2+ 3% O2 which guarantees the following requirements:

• efficient transition radiation photon absorption,

• good electrical stability for straw,

• compatibility with the detector and gas system materials,

• not inflammability,

• dissociation products with minimum aggressive properties.
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(a) View of the ATLAS Inner Detector

(b) Cut-away view of Inner Detector

Figure 2.9: The ATLAS Inner Detector showing the different sub-detectors.

In order to allow the TRT detector to provide electron-pion discrimi-
nation, the transition radiation emitted by particles that flew through the
detector is measured. For this reason the straw tubes are interleaved with
radiatiors: polypropylene foils for the EC regions, polypropylene fibres for
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the barrel region.8 In the barrel region the TRT covers the radial range ∼55-
108 cm and it is composed by more than 50 000 straws, all 144 cm long and
parallel to the beam pipe. On the other hand, in each EC region there are
18 wheels containing 250 000 straws which are 39 cm long and perpendicular
to the beam pipe. The TRT geometry guarantees that particles that pass
through the detector cross 35-40 straw tubes, with a spatial resolution of
170 µm per straw. The total number of readout channels is approximately
350 000.[37]

2.3.4 The Calorimeters

The ATLAS calorimeter, see Fig. 2.10, provides high precise measurement
of energy and position of photons and electrons which pass through the de-
tector, moreover it provides an accurate meaurement of jets and transverse
missing energy. The calorimeters operation is based on stopping (absorb-
ing) most of the particles coming from the interaction point, forcing them
to deposit all their energy within the detector by the production of cas-
cade of particles, called shower 9.[40] Therefore the calorimeters need to have
good containment for electromagnetic and hadronic showers limiting punch-
through to the muon system which sorrounds the calorimeters.

The ATLAS calorimeters are sampling detectors constituted by layers of
“passive” (or absorbing) high-density material interleaved with layers of “ac-
tive” material which detects the energy deposits. Totally the calorimeters
cover the pseudorapidity range |η| < 4.9. In particular over the η region
matched to the ID, the electromagnetic calorimeter has fine granularity in
order to measure electrons and photons, insted in the rest of the pseudorapid-
ity range a lower granularity is sufficient for jet reconstruction and transverse
missing energy measurements.[33]

The calorimeter energy resolution improves with the energy of the parti-
8Tipically the transition radiation energy depositions is almost 9 keV for photon and 2

keV for minimum-ionizing particles like pions.[39]
9Different type of particles produce different types of showers: electrons and photons

produce electromagnetic showers, while hadrons produce hadronic shower.
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Figure 2.10: Schematic cut-away view of the ATLAS calorimeter detectors.

cles which pass through the detector, and it can be parameterizied by10:

σE
E

=
a√
E
⊕ b

E
⊕ c (2.8)

where a, b, c parameters are η-dependent and are related to different calorime-
ter properties: a depends by calorimeter material and by its sampling (e.g
for electromagnetic calorimeter a = 10%√

E
); b is related to the electronic noise

and it is neglibile at very high energies; c is a constant term which depends
by the calorimeter inhomogeneities.

The ATLAS electromagnetic calorimeter
The electromagnetic calorimeter (ECal) identifies a wide energy range of

electrons and photons, and also measures their energy and the total MET.[18]
The ECal consists of different components: a barrel and two end-cap ones.
The barrel part which is 24 X0 thick, covers the region |η| < 1.475 and shares
the vacuum vessel and the cryostat with the central solenoid. Instead each

10The symbol ⊕ means quadratic sum.
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(a) ECal accordion structure (b) ATLAS EMEC calorimeter

Figure 2.11: The ATLAS electromagnetic calorimeter: the Fig. 2.11a shows
a detail of the structure showing the accordion-shape; the Fig. 2.11b shows a
view of the ATLAS End-Cap electromagnetic LAr calorimeter placed inside
the End-Cap cryostat.

end-cap part (EMEC), with a thickness of 26 X0, is housed in its own cryostat
and extends the coverage of the ECal up to the region 1.375 < |η| < 3.2.[41]

As shown in Fig. 2.11, ECal is a sampling calorimeter with accordion
geometry and it is constituted by lead plates as passive material and LAr as
scintillating material. The thickness of the lead plates is optimized as a func-
tion of η in order to obtain high granularity in the region devoted to precision
physics measurements. The lead was chosen due to its short radiation length
(X0 = 0.561 cm), while the advantage of LAr is the radiation-hardness and
stability response during the time. Moreover the accordion geometry pro-
vides complete φ symmetry with fine granularity.

The electromagnetic barrel calorimeter is constituted by two identical
half-barrels separated at z = 0 by a gap of 4 mm, and it consists of three
layers. The first one is 4.3 X0 thick and it has a granularity 0.03 × 0.1
in ∆η × ∆φ; the second layer is 16 X0 thick and it is segmented in square
towers with a higher granularity 0.025 × 0.025; finally the third layer has a
granularity of 0.05 × 0.025.

Each electromagnetic EC calorimeter consists of two coaxial wheels: an
outer wheel of radius ∼210 cm which covers the region 1.375 < |η| < 2.5,
and an inner wheel of radius ∼33 cm wich covers the region 2.5 < |η| < 3.2.
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Calorimeters Energy resolution

EM Barrel σE
E

= 10%√
E
⊕ 0.7%

EM End-Cap σE
E

= 10%√
E
⊕ 0.7%

HEC σE
E

= 50%√
E
⊕ 3%

FCAL σE
E

= 100%√
E
⊕ 10%

TileCal σE
E

= 50%√
E
⊕ 3%

Table 2.4: Design energy resolutions of the ATLAS calorimeter subdetec-
tors. The detectors EM barrel, EM end-cap, HEC and FCAL are Liquid-
Argon Caloriteres.[42]

The Tab. 2.4 reports the design energy resolutions for all electromagnetic
calorimeter subdetectors.

The ATLAS hadronic calorimeter
The Hadronic Calorimeter (HCal) main purposes are jet identification

measuring its energy and direction, and measurement of missing transverse
energy EmissT .[43] For this reason HCal has a full coverage in η and, as shown
in Fig. 2.10, it is divided in three distinct components:[33]

• The Tile Calorimeter (TileCal)

• The Hadronic liquid argon End-Cap (HEC)

• The Hadronic liquid argon Forward Calorimeter (FCal)

See Tab. 2.4 for the energy resolution of all the hadronic calorimeter
subdetectors.

The Tile Calorimeter, placed in the barrel region outside the electro-
magnetic calorimeter, has cylindrical shape with an inner radius of 2.28 m
and an outer radius of 4.25 m. The TileCal covers, in the barrel region,
the pseudorapidity range |η| < 1.0 and in the extended barrel region the
range 0.8 < |η| < 1.7.[44] It is a sampling calorimeter which alternates steel
plates used as “passive” material, with scintillating tiles used as “active” ma-
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(a) ATLAS Tile calorimeter (b) ATLAS HEC calorimeter

Figure 2.12: The ATLAS hadronic calorimeter. Fig. 2.12a shows a view
of the Tile calorimetr constituted by triangular-shape modules arranged in
ring. Fig. 2.12b shows the assembly of LAr hadronic End-Cap calorimeter.

terial. The two side of the scintillating tiles are readout through two separate
photomultiplier tubers.

As shown in Fig. 2.12, the TileCal is divided in 64 module in φ-direction
and it is segmented in depth in three layers with a thickness of 1.5, 4.1, 1.8
λ for the barrel and 1.5, 2.6, 3.3 λ for the extended barrel. The granularity
∆η×∆φ is 0.1×0.1 for the first and second layer, and 0.2×0.1 for the third
layer.

TheHadronic liquid argon End-Cap covers the pseudorapidity region
1.5 < |η| < 3.2 and consists of two independent wheels per end-cap which
share the cryostat with the EMEC calorimeter. As shown in Fig. 2.12, each
of the four HEC wheels is divided in two layers in depth, and it consists by 32
wedge-shaped modules. Moreover, each wheel is formed interleaving copper
plates (used as absorbing material) to 8.5 mm of LAr gaps (used as active
medium). The copper plates have an inner radius of 0.48 m and an outer
radius of 2 m, moreover the copper plates used in the innermost wheel are
25 mm thick, while that ones used in the outermost wheel are 50 mm thick.

The Hadronic liquid argon Forward Calorimeter is integrated into
the end-cap cryostat and covers the very high η region corresponding to 3.1 <
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|η| < 4.9. The FCal is the only ATLAS detector which covers this η region
and it is useful to reduce the radiation background in the muon spectrometer.
In each EC part, the FCal consists of three longitudinal layers in which LAr
is the active medium. The innermost layer is optimized for electromagnetic
measurements in fact it consists of copper as absorbing material. The other
two layers are optimized for hadronic interaction, therefore the tungsten is
used as absorber.

2.3.5 The Muon Spectrometer

The Muon Spectrometer (MS) is the outermost detector of ATLAS and
it is designed to detect charged particles exit from the calorimeters.11 The
peculiarity of MS consists to provide an accurate and independent measure-
ment of muons momentum reconstructing their tracks (in the pseudorapidity
range |η| < 2.7.), and also to provide a muon independent trigger (in the
range |η| < 2.4.). Therefore the MS is able to detect stand-alone muons
and this feature allows to study BSM theories, see Chap. 4, in which neutral
long-lived particle decaying into muons beyond the ID.

To obtain an accurate momentum measurement independently from the
ID, the MS takes advantage of the magnetic field produced by the air-core
barrel toroid and the two air-core end-cap toroids, see Sec. 2.3.2. The barrel
toroid covers the pseudorapidity range |η| < 1.4, the end-cap toroids cover
the range 1.6 < |η| < 2.7, while the range 1.4 < |η| < 1.6, usually called
transition region, is covered by a combination of barrel and end-cap fields.[45]

As shown in Fig. 2.14, the Muon Spectrometer has cylindrical shape with
length of 46 m and diameter of 22 m, and it consists of eight octants, each
divided in φ-direction in large sector and small sector. In the barrel region
the MS subdetectors are arranged in three cylindrical layers around the beam
pipe, called stations placed between the barrel toroid coils at a radial dis-
tance of 5 m, 7.5 m and 10 m, see Fig. 2.13. On the other hand in each
end-cap and transition region the chambers are located before and after the

11Since the radiation length X0 is proportional to the mass square, the X0 of muons is
bigger than the electrons one, therefore in the calorimeters muons lose energy by ionization
processes but generally they don’t generate shower, hence muons can reach MS detector.
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Figure 2.13: Digital representation of Muon Spectrometer cutview. The x
and y axis show the detector dimension starting from the interaction point.

end-cap toroid and are installed in three wheels orthogonal to the beam pipe
at a distance of 7.4 m, 14 m and 21.5 m from the interaction point, see Fig.
2.13. The structure of the inner end-cap wheels will be detailed described in
Chap. 3.

The subdetectors of the Muon Spectrometer are divided in tracking
chambers as:

• Monitor Drift Tubes (MDT)

• Cathode Strip Chambers (CSC)

and trigger chambers as:

• Resistive Plate Chambers (RPC)

• Thin Gap Chambers (TGC)

The Monitor Drift Tubes chambers provide the precision coordinate
measurement, i.e. the measurement on the bending plane η, allowing the
muon momentum measurement in the pseudorapidity range |η| < 2.7.[46]
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The basic detector element is a cylindrical aluminum drift tube with a
diameter of 30 mm, filled with a gas mixture Ar:CO2 (93:7) at an absolute
pressure of 3 bar. The electrons resulting from the ionization process are
collected by the central gold-plated tungsten-rhenium wire, with a diameter
of 50 µm at voltage of 3080 V. Each drift tube has an average resolution
of 80 µm and to improve the detector resolution, each MDT chamber is
constituted by 2 layers of groups of tubes called multilayers.[47] In the barrel
region, each inner station multilayer consists of 4 layers of drift tubes, while
each middle and outer station multilayer consists of 3 layers of drift tubes.
In each end-cap region, MDT detectors are arranged in three stations. The
inner EC station is located at 7.4 m along the z-direction (in the so-called
Small Wheel), while the middle and outer ones, respectively at 14 m and
21.5 m. Fig. 2.14 shows a picture of an MDT end-cap station.

The Cathode Strip Chambers cover the region 2 < |η| < 2.7 and pro-
vide precision coordinate measurements with a resolution of 60 µm. Due to
their good time resolutions (∼7 ns), small electron drift time, high granular-
ity and high rate capability the CSC are installed in a pseudorapidity region
with an high particle rate (∼1150 Hz/cm2).

As shown in Fig. 2.13 and 2.14, in each ATLAS end-cap region there
are two CSC disks, each made up of eight CSC chambers. Each chamber is
constituted by four CSC planes in order to obtain independent η and φ posi-
tion measurements per track. The CSC detector are multiwire proportional
chambers filled with a gas mixture of Ar(30%) C02(50%) CF4(20%). The
anode wires are oriented in radial direction while the cathode are segmented:
one with the readout strips perpendicular to the wires (in order to provide
the precision coordinate measurement on η-direction) and the other with the
readout strips parallel to the wires (in order to provide transverse coordinate
measurement on φ-direction).[48]

TheResistive Plate Chamber are installed in the barrel region in three
concentric cylindrical station around the beam pipe, covering the pseudora-
pidity range |η| < 1.05 and they provide position measurements in η and φ
coordinates with a spatial resolution of ∼1 cm.[49] Due to its excellent time
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(a) ATLAS CSC detector (b) ATLAS TGC detector

(c) ATLAS MDT detector (d) 3D view of muon spectrometer

Figure 2.14: The ATLAS Muon Spectrometer subdetectors: Fig 2.14a, Fig
2.14b, Fig 2.14c show respectively the detectors End-Cap CSC, End-Cap
TGC and End-Cap MDT, while Fig 2.14d is a three dimensional sketch of
the entire muon spectrometer.[47]
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resolution the RPC chambers are used as trigger detectors providing bunch-
crossing identification. In particular, the digital time resolution is about
25 ns

8
1√
12
∼ 0.9 ns due to the RPC clock frequency (which is eight times the

bunch crossing clock frequency) and to the trigger window (which is 25 ns).
Moreover the time fluctuation of the avalanche signal scale proportionally
with the gas volume thickness, and for the ATLAS RPC this corresponds to
a time resolution of almost 1.2 ns. However, several effects have to be take
into account (like electronic delays, signal delay along the strips), therefore
the time resolution for the on-line time alignment is 4.2 ns, while after the
off-line calibration it is ∼ 2 ns.[50][51]

The RPC are gaseous detectors constituted by two resistive Bakelite
plates separated by a 2 mm gap filled with a gas mixture of C2H2F4 : C4HO
(97:3) in which there is an electric field of 4.9 kV/mm. When a particle
passes through the electric field, the ionization electrons are multiplied into
avalanches and the signal is collected at the anode and readout by metal
strips.

The Thin Gap Chambers, see Fig. 2.14, cover the pseudorapidity re-
gion 1 < |η| < 2.4. They are multi-wire proportional chamber with good time
resolution (∼ 15 ns) and provide bunch-crossing identification. The detector
is filled with a gas mixture of CO2(55%) n-pentane (3%) operating in satu-
ration mode in order to obtain small sensitivity to mechanical deformations
and nearly Gaussian pulses with small Landau tails. Although triggering
is the main purpose, TGC provide position measurements both in η and φ
coordinates. In each end-cap region the TGC detectors are installed in two
wheels: the outer wheel (or big wheel) consists of 3 stations of doublets and
triplets of TGC layers, while the inner wheel (or Small Wheel) consists of
doublets of TGC layers.

2.3.6 LUCID

LUCID is a relative luminosity detector, and it is the only ATLAS sub-
detector primarly dedicated to monitor the online luminosity and to measure
the integrated luminosity.[52] On each of the ATLAS end-cap regions, LU-
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Figure 2.15: Schematic image of one of the two LUCID detectors which
surrond the beam pipe. The position of the photomultipliers and quartz
fibers are displayed.[53]

CID consists of two detectors placed around the beam pipe at a distance of
±17 m from the interaction point.

Each of the two LUCID detectors consists of 16 photomultipliers (PMTS)
and 4 quartz fiber bundles. When a particle cross the PMTs quartz window,
the Cherenkov light is produced and detected by the PMTs itself. Cerenkov
light is produced in the quartz fiber as well, and readout by PMTs protected
by a shielding two meters away.[53][54] To increase the detector lifetime, in a
given time are used only a subset of PMTs, while the others are available as
spares. As readout electronics to digitilize the PMTs signals, VME boards
are used.

2.3.7 The Trigger System

As said in Sec. 2.1, during the Run-2 the LHC bunch spacing is 25 ns,
which leads to a crossing rate of 40 MHz. Moreover at the Run-2 instanta-
neous luminosity of L ' 1034 cm−2 s−1 the mean number of interactions per
bunch-crossing is almost 32, therefore the number of interaction per second
is ∼109. Due to the very high number of interactions occurred it is impos-
sible store all events. Therefore the trigger is fundamental for the ATLAS
experiment, because it is responsible for deciding whether or not to keep a
given collision event for later study.[55][56]
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As shown in the flow chart of Fig. 2.16, the event selection provided by
the Trigger and Data Acquisition system (TDAQ) consists of three levels:[33]

• Level-1 (L1) which is based on a dedicated hardware,

• Level-2 (L2) which is a software trigger based both on L1 and on a
fraction of data from precision detectors,

• Event Filter (EF) which is a software trigger and the last TDAQ level.

Moreover the two software trigger levels L2 and EF collectively constitute
the High Level Trigger (HLT).

The L1 triggermakes use of analog sums of calorimeter and muon trigger
chambers signals. In particular, the L1 selection takes advantage of custom-
made electronics based on the two variables: the muon transverse momentum
(provided by RPC and TGC chambers) and the transverse energy of objects
like photons, jets, hadrons (provided by ECal and HCal). As shown in Fig.
2.16 in the meantime that L1 trigger makes a decision on the current event,
usually defined as latency, the informations of all the subdetectors are stored
in pipeline memories. The latency of L1 is 2.5 µs and this value includes the
transit times of signals between detectors and trigger system and the time
required for sending the trigger accepts to the detector readout electronics.

For all the accepted events, which correspond at a rate of 100 kHz in
the Run-2, the L1 trigger defines one or more Region of Interest (RoI). A
RoI is a specific detector region defined by η and φ coordinates, in which the
selection process has identified interesting features, e.g a particle which passes
a transverse momentum threshold. Moreover for all the events accepted by
L1 trigger, the informations coming from all subdetectors are pre-processed
and stored in Readout Buffers (ROBs), see Fig. 2.16.

The two HLT triggers use the full granularity and precision data both
of calorimeters and muon chambers, and also they use data provided by the
inner detector to improve the trigger selection obtaining an accept rate of 1
kHz within a processing time of about 200 ms.
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Figure 2.16: Flow chart of the ATLAS three level triggers.[56]

In particular, the L2 trigger uses data provided by all the subdetectors
for one or more RoI identified by L1 trigger, moreover it uses data stored in
ROBs.

The EF trigger, which is the final event selection, uses all data provided
from the ATLAS subdetectors, including offline reconstruction informations
like track reconstruction, vertex finding etc. . . In addition to the selection, the
EF trigger classifies the selected events according to a specific set of event
stream.

Regarding the ATLAS Muon Spectrometer, see Sec. 2.3.5, the trigger
system consists of RPC and TGC chambers, respectively covering the pseu-
dorapidity regions |η| < 1 and 1 < |η| < 2.4. They provide L1 trigger
informations with a RoI spatial resolution ∆η×∆φ of 0.2×0.2 for the barrel
region, and 0.1 × 0.1 for the end-cap one. The L1 trigger is provided using
coincidence windows based on pT thresholds:

• low pT threshold (6 GeV≤ pT ≤ 20 GeV): in the barrel region are
required at least 3 coincidences in the inner and middle RPC stations,
while in the end-cap region are required at least 3 coincidences in the
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middle and outer big wheel TGC stations.

• high pT threshold (pT ≥ 20 GeV): in the barrel region are required
at least 3 coincidences in the inner and middle RPC stations and 1
coincidence in the outer RPC station, while in the end-cap region are
required at least 3 coincidences in the middle and outer big wheel TGC
stations and 2 coincidences in the inner big wheel TGC station.

Finally, for the muon momentum reconstruction at HLT, the precision
chamber informations are used.

2.4 The Phase-I ATLAS Upgrade

During the next data taking Run-3, scheduled for 2021−2023 as shown in
Fig. 2.17, LHC will reach the center of mass energy of

√
s = 14 TeV with an

instantaneous luminosity of 2−3×1034 cm−2s−1. In order to consolidate and
improve the physics capabilities of the detector, the ATLAS Collaboration
planned an upgrade program during the next LHC long shutdown LS2: the
Phase-I Upgrade.[57] LS2 is the second LHC long shutdown: it will take
place on 2019− 2020 and it is finalized to the integration of Linac4 into the
injector complex, and to the upgrade of the LHC collimation system. In the
same period, will take place the ATLAS Phase-I upgrade, which is primarly
finalized to the upgrade of the TDAQ system in order to obtain, also in
presence of high luminosity conditions, an acceptable trigger rate keeping
the current pT thresholds. To achieve this aim the Phase-I upgrade will
involve different ATLAS subdetectors with the following projects:

• The Phase-I hardware track finder (FTK) that will provide fast track-
ing informations as input to the HLT, using a copy of data from ID to
perform its fast recostruction;[58]

• The New Small Wheels (NSW) which plans to replace the existing
Small Wheels in the end-cap region of the Muon Spectrometer with
the NSW.[59]
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• The ATLAS Forward Proton (AFP) detector will provide measure-
ments of the momentum and emission angle of very forward protons,
allowing measurement of processes where one or both protons remain
intact. Such processes are associated with elastic and diffractive scat-
tering.[60]

• The LAr Phase-I upgrade is aimed to improve the Level-I calorimeter
trigger. It will allow finer granularity data from the LAr Calorimeter
in order to improve electron, photon, tau and jet selection.[61]

• The Phase-I TDAQ upgrades are focused primarly on the Level-I ca-
lorimeter triggers. More sophisticated algorithms will be implemented
for electron, photons and jets reconstruction.[62]

In Chap. 3 is detailed described the New Small Wheel project. The
current Small Wheels, located in the inner layer of the forward muon spec-
trometer, will be replaced by new tracking and triggering detectors. This
upgrade will allow both to improve the tracking performace and to reduce
the trigger rate including the NSW in the Level-1 trigger.

The installation of the New Small Wheel is particularly important for
searches of processes beyond the Standard Model, in fact, it will be included
in the Level-0 trigger system of the Phase-II upgrade in 2024−2027.[63] This
Phase-II upgrade plans to improve both trigger and reconstruction efficien-
cies of the ATLAS detector for exotic models. In fact, these models usially
predict the existence of long lived particles, which signature is character-
ized by displaced vertices non pointing back to the interaction points, and
by particles in the final states with very small angles. Currently ATLAS is
not designed for these searches, but the Phase-II will enable a wide range of
precision measurements and searches within or beyonf the Standard Model.
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Figure 2.17: Picture showing the LHC long term operation schedule. The
data taking runs with the related expected integrated luminosity, and the
long shutdown periods are reported.
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CHAPTER3
The Atlas New Small Wheels

3.1 Motivation of the Small Wheel Upgrade

During the next data taking Run-3 (2021 − 2023), LHC will reach the
center of mass energy

√
s = 14 TeV with an instantaneous luminosity of

2− 3× 1034cm−2s−1. In this conditions, the number of inelastic interactions
per bunch-crossing (pile-up) will be almost 70, and the number of tracks and
background level will increase proportionally to the luminosity, expecially in
the forward regions. In particular, for the innermost end-cap region of the
ATLAS muon spectrometer, so-called Small Wheel (SW), the expected rate
at L = 3× 1034 cm−2 s−1 is ∼ 15 kHz/cm2.[64][65]

The two ATLAS Small Wheels are located between the end-cap calorime-
ter and the end-cap toroid, and cover the pseudorapidity region 1.3 ≤ |η| ≤
2.7. Each Small Wheel, see Fig. 3.1, is 10 m high and consists of a combi-
nation of MDT, TGC and CSC detectors. They are not designed to operate
at instantaneous luminosity higher than the nominal one. An extrapolation
from the observed rates in dedicated test beams to high instantaneous lumi-
nosity indicates a degradation of SW tracking performance, both in terms
of efficiency and resolution, due to the dead time from background hits, see
Fig. 3.2.[59]

Moreover, currently the SW is only devoted to the precision physics mea-
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Figure 3.1: Picture showing the lowering of the ATLAS Small Wheel. On
the front side are visible the 8 MDT chambers placed on a ring structure,
while in the inner part of the ring the 8 TGC chambers are partially visible.
Moreover 8 CSC chambers are installed in the Small Wheel but not visible.

surements, and the L1 muon trigger in the end-cap region is based on the
TGC chambers of the middle muon station, so-called Big Wheel (BW), lo-
cated after the end-cap toroid magnet. The result is that a significant part
of the end-cap muon trigger rate is background. In fact, as shown in Fig.
3.3, low energy particles (mainly protons) generated in the material located
between the SW and the BW, hit the BW TGC chambers at an angle similar
to that of real high pT muons producing fake triggers. As a consequence, the
rate of the L1 muon trigger in the end-cap is eight to nine times higher than
that in the barrel region, and most of the triggered objects are not recon-
structible offline (see Fig. 3.4). Therefore, in presence of higher luminosity,
the L1 muon trigger rate will exceed the available bandwidth (∼ 20 kHz).

Certainly, a rate reduction can be obtained increasing the pT threshold,
but this would produce a loss of efficiency for physics events.[66] Therefore,
in order to solve both reconstruction and trigger issues, the Small Wheels
will be replaced with the New Small Wheels (NSW), and the installation
will be performed during the ATLAS Phase-I upgrade in 2019 − 2020. The
NSW[59], as will be described in Sec. 3.2, is a set of precision tracking and
trigger detectors able to work at high rates. Due to the excellent real-time
spatial and time resolution, the NSW will allow to reduce the L1 fake muon
trigger rate in the end-cap region.
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Figure 3.2: Efficiency of single MDT tube (solid line), and of a 2× 4 MDT
chamber (dashed line), as a function of the hit rate. The tracking efficiency
decreases with increasing hit rate.[59]

Figure 3.3: Schematic drawing of the ATLAS detector showing three exam-
ples of events with muon triggered by the Big Wheel. As it may be seen, only
track A points towards to the interaction point, while the other two events
correspond to fake triggers. With the NSW will be possible to distinguish
the acceptable muons using the NSW trigger chambers.[59]
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Figure 3.4: The η distribution of candidates selected by the ATLAS L1 trig-
ger as muons with at least 10 GeV. The data are collected during the Run-2
and the following trigger rates are displayed: (i) L1 muon signal (oblique
dashed distribution), (ii) L1 muon signal matched to an offline well recon-
structed muon (dotted distribution), (iii) L1 muon signal matched to an
offline weel reconstructed muon of pT > 10 GeV (solid blue distribution).
As shown, the rate in the endcap region (|η| > 1) is dominated by fake
triggers.[67][59]
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3.2 The ATLAS New Small Wheel

Each New Small Wheel is 10 m high, with an inclination from the vertical
plane of ∼ 0.708◦. Moreover, it covers the pseudorapidity region 1.3 ≤ |η| ≤
2.7, with an active area of about 1280 m2 and 2 M electronic channels. The
NSW take advantage of two detection technologies: the small strip Thin Gas
Chambers (sTGC), and the Micro-MEsh Gaseous Structure (MicroMegas,
MM) detectors. Although sTGC are primarily dedicated to trigger, while
MicroMegas to tracking, in order to obtain a redundant detector system,
both detectors are used for trigger and precision tracking measurements.

As shown in Fig. 3.5, each NSW consists of 16 sectors: 8 large sectors
alternating with 8 small ones, numbered consecutively starting from the large
sector at φ = 0 rad and positive x-coordinate. Each sector consists of a com-
bination of four trapezoidal-shape quadruplets detector, arranged (in the
z-coordinate) in the order sTGC−MM−MM−sTGC, with a central skeleton
(placed between the two MM detectors) so-called spacer frame1, for a total
thickness of 360 mm. Since each of the MM and sTGC quadruplets consists
of 4 active layers, a particle passing through the NSW2, will produce 16 hits.

Radially, each sTGC is segmented into three modules while MicroMegas
into two: SM1−SM2 for small sectors, and LM1−LM2 for the large ones.
The construction of the 4 MicroMegas quadruplet types is distributed over
several countries: France (LM1), Russia and Greece (LM2), Italy (SM1)
and Germany (SM2). For each MicroMegas type, 34 quadruplets will be
constructed in the period 2017− 2019, following a strict procedure necessary
to achieve the NSW requirements like the 15% pT resolution for 1 TeV muons,
and the segment online resolution of 1 mrad.

1The spacer frame consist of a 50 mm thick, rigid aluminum structure used to fix the
NSW sectors. As detailed reported in [59], it is designed to avoid NSW deformations.

2Considering the position of the NSW, a particle coming from the proton-proton inter-
action point, will pass through the MicroMegas detector with an inclination between 8◦
and 32◦ with respect to the detector plane.
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(a) The NSW overview (b) NSW sector components

Figure 3.5: The New Small Wheel: Fig. 3.5a is a schematic picture of each
end-cap wheel showing the large sectors. The small sectors are placed on the
other side between two consecutive large sectors. On the other hand, the
Fig. 3.5b is an exploded view of a single NSW sector.

3.3 The MicroMegas detectors

The first micro-structure gas chambers is the Micro-Strip Gas Cham-
ber (MSGC). Invented in 1988, it consists of a set of tiny parallel metal strips
laid on a thin resistive support, alternatively connected as anodes and cath-
odes. Due to the small distance between anode and cathode (∼ 100µm), the
fast collection of positive ions reduces space charge build-up, and provides a
greatly increased rate capability. However, the fragile electrode structure can
be easely destroyed by discharges induced by heavily ionizing particles.[68]

The necessity of improving reliability and radiation hardness, leads to
the construction of MicroMegas detector, invented in 1996 by Giomataris
and Charpak[69]. In the original configuration, the Micromegas detector
is a thin parallel-plate avalanche counter, and consists of a drift region of
∼ 3 mm thickness, a thin metal grid (so-called micromesh or simply “mesh”)
at ∼ 100µm distance from the readout electrode plane (gold-coated copper
strips of 5µm thick and 200µm pitch, printed on an insulator board), creating
a narrow multiplication gap.
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Figure 3.6: Sketch showing how a charged particle is detected using a
resistive Micromegas: a muon cross through the detector ionizes the gas
mixture and the electrons produced drift to the mesh causing avalanches.
Finally the charge is collected by readout strips placed under the anode
strips.[70]

The electric field in the drift region is about 1 kV/cm and it is obtained
applying an electric potential difference between the drift electrode plane and
the micromesh (both at negative high voltage HV), while in the amplifica-
tion region the electric field is about 50 kV/cm, and it is obtained grounding
the anode strips. Finally, the gas mixture used is Ar:CH4 (90:10) at atmo-
spheric pressure. As shown in Fig. 3.63, when a charged particle passes trough
the drift region, electrons from the primary ionization are produced.4 The
primary electrons drift through the holes of the mesh into the narrow multi-
plication gap, where they are amplified and the resulting charge is collected
by the anode strips. On the contrary, the positive ions drift backwards to
the mesh. Due to the small amplification gap the electrons produce a narrow
avalanche, giving excellent spatial resolution.[68][71] Moreover, the detector
efficiency is about 80% and, due to the very short distance between mesh and
anode strips, the positive ions are fast evacuated resulting in low dead time
(∼ 100 ns). Althouth these advantages, the original MicroMegas detector is

3Actually the drawing refers to the New Small Wheel SM1 resistive MicroMegas detec-
tor and not to the Giomataris-Charpak configuration. Except few technical differences,
the operating principle of the NSW Micromegas is the same of the orginal one.

4See Appendix I for the interaction of charged particles with the matter.
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vulnerable to sparking, which occur when the total number of electrons in
the avalanche reaches a few 107.

For this reason, the NSW MicroMegas detectors have a spark protec-
tion system: a layer of resistive strips (resistivity of a about 10-20 MΩ/cm)
on top of a thin insulator (75 µm) directly above the readout strips (see Fig.
3.6). In this way, the readout electrode is not directly exposed to the charge.
On the contrary, it is induced on the resistive strips which are capacitively
coupled to the readout strips. Although using a continuous resistive layer is
simpler from the construction point of view, and effective in sparks protect-
ing, the NSW MicroMegas takes advantage of resistive strips to avoid charge
spreading on a large area.

As shown in Fig. 3.6, a single NSW MicroMegas detector consists of a
drift region with an electric field of ∼ 0.6 kV/cm, created by a cathode
drift plane (−300 V), at 5 mm distance from a mesh, which has a pitch of
80µm and a wire of 30µm diameter. The amplification region instead, is
128µm high with an electric field of 40 kV/cm. Since the electric field in the
amplification region is much stronger than that in the drift region, the mesh
is transparent to more than 95% of the electrons. [59]

Beside the introduction of resistive strips, there are other important dif-
ferences between the NSW MicroMegas detector and the original one:

• the presence of a floating mesh,

• a new HV scheme.

The mesh is considered “floating” because it is not glued on the pillars but
only laid on them. When the voltage is applied to the resistive strips, the
electrostatic force between mesh and resistive strips ensures good contact
between mesh and pillars, creating an amplification gap with homogeneous
height. The main advantage of using a floating mesh is that in case of
operating problems, the mesh can be easily removed without destroying the
detector.

Regarding the HV scheme, instead to apply negative HV on the mesh
keeping the resistive strips at ground potential (as in the original MicroMi-
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Parameter Value

Space resolution in η-coordinate ∼ 100µm

Track separation ∼ 0.4 mm

Rate capability ∼ 15 kHz/cm2

Efficiency > 98%

Table 3.1: NSW MicroMegas performance parameters. They are necessary
to achieve the 15% pT resolution for 1 TeV muons, and the segment online
resolution of 1 mrad.

gas), positive HV (∼ 500 V) is applied to the resistive strips while the mesh
is connected to ground. In this way the spark-induced current can be evacu-
ated very quickly to ground through the mesh without modifying the mesh
electric potential, moreover, the electric field lines results to be better focused
between the mesh and the resistive strips, see Fig. 3.7.[59]

Besides these, other performance features are necessary to achieve the
NSW requirements on pT resolution and online segments accurancy (see Sec.
3.2). A summary of all the NSW MicroMegas performance parameters is
reported in Tab. 3.1.

In order to full explain the operating of the NSW MicroMegas, it is im-
portant to describe the electric and magnetic field within the detector and
the clustering algorithm used. Considering the NSW position and orienta-
tion in the ATLAS experiment, the electric field in the MicroMegas detector
is along the z-direction. On the contrary, the magnetic field (mainly due to
the EC toroid magnet) has different orientations with a sizeble component
orthogonal to the electric field. Therefore, electrons from ionization processes
drift with a Lorentz angle5, and may spread across several strips. From sim-
ulations, it is verified that the NSW MicroMegas detectors will be exposed
to a magnetic field of ∼ 0.4 T, causing a Lorentz angle of ∼ 3◦, which is
a negligible effect using a combination of appropriate track reconstruction
methods.[59] In particular, for the NSW MicroMegas, a combination of the

5See Appendix I for more details.
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Figure 3.7: Electric field (in gray) and equipotential lines (coloured) within
a MicroMegas detector. Both in the drift and amplification regions, the
electric field is homogeneous.[64]

following clustering algorithms is used:[66]

• The centroid method, where the hit position is calculated as the aver-
age position of strips in a cluster (xi), weighted by their charge (qi):
x =

∑
i xiqi∑
i qi

. This method provides a good result for tracks perpendic-
ular to the MicroMegas plane, but provides degraded resolution as the
incident track angle increases.

• The µTPC method, in which the hit position is defined as the x-
coordinate of the reconstructed track at half gap. This method is based
on measuring the drift time of the electrons with respect to an exter-
nal reference time. As the incident angle of the particle increases, the
µTPC method provides better position resolution. Since the expected
incident angle in the NSW MicroMegas is in the range 8◦ to 32◦, the
µTPC method is usually preferred as reconstruction algorithm.
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Figure 3.8: Picture of the SM1 Module-0 quadruplet during the test beam
at CERN in 2016. It is the first prototype of MicroMegas quadruplet built
and soon after tested at CERN. The corresponding dimensions are reported
on.[72]

3.4 The MicroMegas SM1 quadruplets

The previous section described the structure and the operating principle
of a single NSW MicroMegas detector layer, but each NSW sector contains
two MicroMegas quadruplets. As shown in Fig. 3.9, a SM1 MicroMegas
quadruplet (or multilayer) consists of three drift panels, two readout panels
and four micromeshes. Both the drift and readout panels have trapezoidal
shape with a surface of about 2 m2, and they are segmented in 5 PCBs
(see Fig. 3.8) with an internal structure of aluminum internal-frames and
honeycomb sheets used as reinforce.

A quadruplets consists of three drift panels (2 externals and 1 central), for
a total of four MicroMegas detector layers. In particular, only one side of the
external drift panels corrisponds to a MicroMegas layer, while for the central
drift panel both sides are used. The drift panels, made of FR4, integrate the
copper cathode plane, the gas distribution system (by means of appostite
gas distribution pipes) and the mesh-frames which support the micromesh.
Each of the four drift plane is separated from one readout plane by a set of
gas gap-frames placed around the detector perimeter, and forming a gas-gap
filled with Ar:CO2 (93:7) at an overpressure of 2 mbar. As shown in Fig.
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3.9, the gas-gap tightness is ensured by an O-Ring which groove is delimited
by the gas gap-frames and mesh-frames. Both the gas-gap frames and mesh-
frames are aluminum bars precisely machined in height. The mesh frames
have grooves on the surface where the mesh is glued. In this way the excess
of glue can be collect in the grooves ensuring the mechanical contact between
mesh and mesh-frames. Moreover in order to guarantee the correct distance
between the mesh and the drift plane, the mesh-frames have a groove on the
surface in contact with the drift panel.

Due to the overpressure of each gas-gap, the MicroMegas detector blows
up during the operation. To avoid the blow up, and minimize the deformation
of the whole MicroMegas quadruplets, four interconnections are used to keep
the quadruplets thickness constant.[67]

To separate the drift region from the amplification one, a stainless steel
floating mesh is contained in each gas gap. The mesh, stretched at a tension
of 7− 10 N/cm, consists of 30µm wires arranged with a pitch of 80µm, and
it is glued on the drift panel mesh-frames.

Each readout panel consists of two readout boards disposed in a “back-
to-back” configuration. One readout panel, so-called η-panel, is designed to
measure the η-coordinate, and it is equipped with strips parallel to the bases
of the MicroMegas trapezoid. The other readout panel, so-called stereo
panel, is designed to measure the φ-coordinate, and it is equipped with
strips with an inclination of ± 1.5◦. In order to precisely align the readout
panels during the quadruplet assembly, two alignment pins are perpendicu-
larly glued on the η-panel, while alignment inserts are embedded in the stereo
panel.

The INFN Collaboration is in charge to assembly 34 SM1 MicroMegas
quadruplets6 in the period 2017 − 2019. The mass production is already
started and it is carried out by the following INFN institutions: Cosenza,
Lecce, LNF, Napoli, Pavia, Roma1 and Roma3. The first SM1 MicroMegas
quadruplets prototype, so-called SM1 Module-0 (see Fig. 3.8), was completed

6About 32 quadruplets will be installed in the NSW, and 2 are built as spares.
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Figure 3.9: Quadruplet structure: on the left is shown a sketch of the
structure of a MicroMegas quadruplets highlighting the back-to-back con-
figuration of the readout boards, while on the right a more detailed cross
section view is shown.

in May 2016 and tested at CERN with high momentum (180 GeV/c) pion
beam at a rate from 1 kHz to 0.5 MHz. Spatial resolution results on η-
coordinate and φ-coordinate, calculated for perpendicular tracks, are re-
ported in Fig. 3.10. The spatial resolution for the precision coordinate is
obtained by subtracting the positions reconstructed by the two active layers
of the η-panel. For the second coordinate, the spatial resolution is obtained
by the combination of the positions reconstructed on the two stereo layers.
The spatial resolutions obtained are within the requirements, see 3.2[73]

3.5 Main aspects of the construction procedure

This section briefly describes the construction of a SM1 MicroMegas
quadruplet by the INFN Collaboration, highlighting the main aspects of the
assembly. The construction is a challenging not only for the large area of
each quadruplet, but also because, in order to achieve the 15% pT resolution
for 1 TeV muons, high mechanical precision is required for each panels of the
MicroMegas quadruplets. In particular, the required precision on the strips
alignment is 30µm for the η readout panels (dedicated to the precision coor-
dinate measurement), and 80µm for the stereo readout panels (dedicated to
the second coordinate measurement). A summary of the main construction
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(a) η-coordinate (b) φ-coordinate

Figure 3.10: SM1 MicroMegas Module-0 space resolution measured in a
test beam at CERN. Fig. 3.10a and Fig. 3.10b show the η-coordinate and
φ-coordinate positions, respectively. The spatial resolutions, given by the
width of the distributions, are within the ATLAS requirements.[73][72]

Parameter Requirement

Panel planarity RMS: 37µm
Max. deviation: 110µm

Strips position Max. deviation: 40µm

Strips alignment on single RO layer RMS on η coordinate: 30µm
RMS on z coordinate: 80µm

Strips alignment on more RO layers Max. deviation: 60µm

Table 3.2: Summary of MicroMegas construction requirements. The first
section refers to the requirements on the planarity of each MicroMegas panel;
the second one to that on the readout strip position; the third one to that on
the strips alignment on a single active layer; the last one to that on the strips
relative alignment on two or more active layers. The maximum deviation is
calculated with respect to the nominal value.
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requirements is reported in Tab. 3.2.
As shown in Fig. 3.11, the drift panels are built at Roma1 using the so-

called vacuum bag technique; the readout panels are built in Pavia taking
advantage of the stiffback technique; the mesh stretching operation is done
at Roma3 ; while the drift panel finalization7 is carried out at Frascati Labo-
ratori (LNF) by Cosenza, Lecce and Napoli and Roma3; finally the vertically
quadruplet assembly is done at LNF. The Cosenza, Lecce and Napoli groups
also contribute to the MicroMegas construction through the realization of
hardware and software tools and the Quality Assurance and Quality control
(QA/QC) tests.

3.5.1 Construction of readout panels

Built by the INFN Group of Pavia, the SM1 readout panels construc-
tion[74] is based on the stiffback technique, see Fig. 3.12. This method allows
to build a readout panel with the nominal thickness, compensating for all
the possible imperfections in the thicknesses of the panel components.

The readout panel construction starts with the QA/QC of all the
components8. The frames and the cooling bars thickness is checked with
pass/fail limbo tool, and about a 10% of frames are measured with a Mitu-
toyo linear height every 10 cm on each side, in order to have a more accurate
measurement. During this phase, all PCBs are brushed in a tub with warm
water (30◦C) and NGL detergent with a concentration of 10 g/l, and then the
PCBs are washed with high pressure demineralized water. After the PCB
cleaning and a visual examination to check the presence of all the pillars, the
QA/QC operations allow to verify: (i) the isolation between resistive and cop-
per strips,(ii) the isolation of the silver line, (iii) the HV connection to the
resistive strips, (iv) and the resistance of the resistive strips. Moreover, with
an accuracy of 3 µm, it is measured the thickness of each PCB board (almost
270 measurements per PCB sheet) using the CMM (Coordinate Measuring
Machine).

7Detailed described in Sec. 3.6
8Regarding the PCBs, the main QA/QC is performed by a dedicated group at CERN,

which is also in charge of minor repairs that may be needed.
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(a) MM SM1 drift panel (b) MM SM1 readout panel

(c) Table for mesh stretching (d) Quadruplet assembly

Figure 3.11: Picture showing the main components of a MicroMegas
quadruplets: the Fig. 3.11a shows a drift panel built at Roma1, Fig. 3.11b
shows a readout panel built in Pavia, Fig. 3.11c shows the table used for
stretching the mesh (the transfer frame structure is on the table). Finally
Fig. 3.11d shows the vertical assembly at LNF. All the pictures refer to the
construction of the MicroMegas SM1 Module-0.

The readout panel construction continues with the dry run. This phase
consists of a repetition of the assembly without using glue, and it allows to
verify the compatibility among the panel components.

The next step is the panel assembly (see Fig. 3.12). This phase is
carried out on a single day using a granite table (certified to have a maximum
deviation of 8 µm), and a stiffback with the same dimension of the granite
table. The stiffback can be moved horizontally, vertically and can be rotated.
Both on the granite table and on the stiffback, 5 reference plates are fixed,
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Figure 3.12: Schematic view showing the costruction technique of SM1
MicroMegas drift panel (up) and readout panel (down). The drift panels
are assembled using the vacuum bag tool, while the readout panels are built
using the stiffback technique.

see Fig. 3.13a. Each reference plates, with a dimension of 145 · 49 · 2 cm3 and
a planarity of 20 µm, has pass-through holes in order to allow the vacuum
sucking during the panel gluing.

The assembly starts with the positioning of 5 PCB sheets both on the
granite table and on the stiffback, in corrispondence of the position of the
5 reference plates. The PCBs are fixed on the reference plates by vacuum
sucking, but they are mechanically positioned using Teflon precision pins
(achieving a tolerance of 30 µm). Moreover, the PCBs positioning is checked
using RASNIK[75] (Red Alignment System of NIKhef) sensors which read
the corrisponding masks printed on the PCB boards, see Fig. 3.13b.

After the PCBs positioning on the granite table and on the stiffback,
they are covered with glue (Araldite 2011), which is deposited according to
a predetermined pattern using a dispenser remotely controlled.

All the other panel components are placed above the 5 PCBs on the
granite table. In this phase 20 ground “spider” connectors are inserted in
order to guarantee the electrical grounding of the honeycomb sheets, internal
and external frames. The assembly phase continues with the positioning of
the stiffback on the granite table, and the closing of the readout panel. After
the glue curing, the last step of the assembly is to insert of 2 alignment pins
of 6 mm of diameter, on the stereo readout panel, and 2 alignment inserts on
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(a) Reference plates (b) cCCD camera

Figure 3.13: Pictures showing the tools used for the readout panel con-
struction in Pavia. Fig. 3.13a shows the 5 reference plates laid on the granite
table. Fig. 3.13b shows a contact-CCD camera placed on a reference plates.
It is used to read the RASNIK masks printed on the PCBs, in order to
guarantee the correct PCB positioning during the assembly.[74]

the η-panels. Both alignment pins and inserts have a relative clearance of 25
µm at the maximum. As will be described in Sec. 3.5.4, pins and inserts are
used for the alignment system during the MicroMegas quadruplet assembly
at LNF.

Finally, a set of QA/QC tests on the readout panel are performed.
The electrical tests are identical to the ones performed at the beginning to
a single PCB, in order to determine a possible PCBs quality deterioration
during the construction. Also a visual examination is performed in order
to detect potential detached cabling or cold soldering. In this phase is also
performed a gas tightness test on the readout panel using an apposite exper-
imental setup9.

3.5.2 Construction of drift panels

Built by the INFN Group at Roma1, the SM1 drift panels construction
takes advantage of the vacuum bag technique, see Fig. 3.12.[76] This method
relies on the flatness of the granite table and allows to obtain good planarity
results. The construction procedure is performed in “one-step gluing” for

9Since the gas tightness test is performed in the same way on the drift panel during
the finalization procedure, it will be described in Sec. 3.6.8 and in Appendix II
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external drift panels, and “two-step gluing” for central drift panels. The
preliminary QA/QC test of the honeycomb sheets, internal aluminum frames
and PCB sheets are similar to that described for the readout panels.

For the external drift panel the one-step technique can be summarized
as follow: the 5 PCB-sheets forming a drift-plane are positioned on the pla-
nar reference table by use of exact distance pieces aligned against an ex-
ternal frame. Using glue dispenser remotely controlled, the Araldite 2011
is uniformly distributed (following a specific path) on the PCBs, and the
panel internal components (aluminum internal bars and aluminum honey-
comb sheets) are placed on top of the PCBs. The ground “spider” connectors
are screwed in order to ensure the electrical connection among all the metal-
lic parts. The 5 outer PCBs are then placed on top of all to form the entire
panel and the vacuum bag turned on with an underpressure of about 100
mbar.

For the central drift panel construction, the 5 PCB-sheets and the internal
panel components are glued first and the vacuum bag turned on. After glue
curing the first PCB layer is removed and the second set of PCBs-sheets are
positioned on the granite table. The glueing procedure with the vacuum bag
is repeated once again.

As shown in Fig. 3.14, as QA/QC test, a limbo test is performed on
the drift panels in order to verify that the construction requirements are
respected.

3.5.3 Mesh stretching

The stretching of the micromesh is carried out by the INFN Group of
Roma3, using tools and tables specially designed. Here a summary of the
stretching procedure:

1. The “transfer frame” is positioned on the mesh-stretching-table, see Fig.
3.11c.

2. The micromesh is positioned on the table above the transfer frame and
all the clamps of the table are connected to pre-calibrated load cells.
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pictures/MicroMegas/limbo.jpg

(a) Limbo tool (b) Height map results

Figure 3.14: Limbo test performed to verify the planarity of drift panels
at Roma1: Fig. 3.14a displays the limbo tool with 10 Mitutoyo micrometers,
while Fig. 3.14b shows the map of the height distribution of a drift panel.

3. Using an Arduino based data acquisition program, it is possible an on-
line monitoring of the tension applied on each clamp. Clamps are pulled
until each of them reaches the tension ∼162N/18cm, corrisponding to
∼9N/cm.

4. A tensiometer is used to measure the tension of the mesh in different
positions, see Fig. 3.15.

5. When the mesh is well stretched, it must be glued on the transfer frame
in order to be transported to LNF. Therefore, the transfer frame is lifted
to the mesh, and a fast-curing glue (∼ 4 − 5 hours) is distributed all
over its perimeter. The glue is also distributed on the external side of
the transfer frame in order to avoid fraying when the mesh is cut to
be separated from the table. Experimentally, it is observed a drop of
tension of about 2 N/cm after the gluing of the mesh on the transfer
frame.

6. Interconnection holes must be created on the stretched mesh. This op-
eration is carried out on a specific table containing positioning supports
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Figure 3.15: Measurement of the tension of a mesh in different position
using a tensiometer.

to fix the transfer frame, and supports to individuate the exact posi-
tions in which the holes must be created. An apposite drilling machine
is used to perform interconnection holes without mesh frying.

3.5.4 Quadruplet assembly

Once the five panels are constructed and the four meshes are stretched,
all these items are transferred to LNF where the quadruplets assembly is
carried out. As shown in Fig. 3.11d the SM1 MicroMegas quadruplet assem-
bly is performed using a vertical mounting structure. To avoid dust particles
that can produce current bridge over the 128 µm between the mesh and
the readout structure, the assembly takes place in a clean room, controlling
temperature and humidity.[59] The assembly process starts inserting, in the
vertical mounting structure, one of the two external drift panels. As shown in
Fig. 3.11d, in order to avoid the bending of the panel under the torque due to
the stretched mesh, the external drift panel is mounted on stiffening frames.
The other panels are then guided by a linear bearing system for alignment on
z and x-axis, while during the y-alignment load cells and micrometric screws
are used.

During the assembly process, the precise alignment between the five Mi-
croMegas panels is ensured by 2 alignment pins mounted perpendicularly on
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the η-panel and by 2 alignment insert embedded on the stereo panel. The
precision pins and inserts must have a relative clearance of 25 µm at the
maximum. Each time a drift and a readout panel are combined, a HV test
will be performed in order to detect problems due to remaining dust parti-
cles that have to be removed before final assembly. When all panels are put
together with precise alignment, the quaduplet is fixed with screws and the
external stiffening frames are removed.[67]

3.6 Drift panel finalization

As described in the previous section, the drift panels are constructed at
Roma1 as “bare panels”. Therefore, before assemblying a SM1 MicroMegas
quadruplets, the following elements need to be added in a well defined order:
interconnection spacers, HV connectors, mesh-frames, stainless steel pipes for
flushing the gas gap with the gas mixture, micromesh, gas-gap frames and
O-Ring. Fig. 3.16 shows an exploded view of a “complete” drift panel ready
for the mesh gluing. The complete set of operations needed to be performed
on the drift panel is called “drift panel finalization”, and it is carried out at
LNF with the collaboration of technicians and physicists of Cosenza, Lecce
and Napoli. Moreover, before the quadruplet assembly, at LNF are also
performed a set of QA/QC tests on the drift panels in order to verify that
all the construction requirements, reported in Tab. 3.2, are satisfied.

Here a short summary of the finalization procedure:

1. A visual examination of the bare drift panel is performed in order to
detect potential defects. All the holes are cleaned from the glue using
the drill with the tip of diameter equal to the hole to be cleaned. The
position of the interconnection is measured and compared with the
reference one.

2. The junction between two contiguous PCBs is sealed with epoxy glue
along the entire length of the junction. The glue is prepared under
vacuum (5 min). At same time are glued the interconnection drift
spacers and the HV connectors. After curing the glue, excess glue in
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the region of the OR groove and the net frame are removed with very
fine and moistened abrasive paper.

3. The local gas tightness test is performed on all the drift panel holes, as
well as on the PCB-PCB sealed junctions in the region of the O-Ring
groove.

4. The height of all the interconnection drift spacers mounted in step 2 is
measured.

5. The five PCB cathodes are electrically connected together and the elec-
tical continuity among them is tested.

6. The mesh-frames, mesh-corners, gas-gap frames and gas pipes are glued
on the drift panel. Electrical test are performed to verify the mesh-
frame continuity with the panel ground and the isolation between cath-
ode and ground.

7. The drift panel gas tightness test is performed. The test takes few
hours and the leak rate must be less than the ATLAS specifications.
Only if the drift panel has passed all the QA/QC tests, it is ready to
the mesh gluing.

8. The mesh is carefully washed within a dedicate washing cabin. After
one day of drying, the mesh is glued on the drift panel. The process
is carried out in a clean room in order to avoid dust particles on the
mesh. The mechanical tension is measured after glue curing when the
mesh is separated by the transfer frame.

9. The so-called finalized drift panel, i.e. drift panel with the glued mesh,
is carefully washed within a dedicate washing cabin. The cleaning step
is fundamental to avoid HV leak, therefore dedicated procedure is used
both for drift and read out panels. The panels are cleaned with NGL
soap first and CIF cream cleaner after using bushes. At each soap step
the panels are rinsed with tap water and at the end with demineralized
water. Finally the panel are left in vertical to dry.
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Figure 3.16: Exploded view of a SM1 drift panel, showing all its component.
The bare drift panel is constructed at Roma1, while the mesh-frame, gas-gap
frame and O-ring are inserted during the finalization procedure at LNF.

10. Finally, the HV test is performed. An HV of 500 V is applied on
the cathode plane of the drift panel, while the mesh is grounded, and
the current is monitored for about half an hour. The QA/QC test is
successfully passed if the current is under 5 nA.

This section describes in detail the main phases of the SM1 drift panel
finalization, showing also the QA/AQ controls and the tools or infrastructures
used.

3.6.1 Finalization-tables

A set of four multi-purpose “finalization-tables”, with same shape and
dimensions of the SM1 drift panels, were designed to carry out all the op-
erations for finalizing the drift panels (both central and external): cleaning,
sealing, gluing and testing. In particular, one table is used only for cleaning
and sealing, another one is used also to perform the gas tightness test, and
the last two are used only for the mesh gluing. Moreover, as shown in Fig.
3.17a, the finalization-table sustains the panel only in few points: along its
perimeter and at the interconnection positions.

A special set of tools can be added to allow the precision positioning and
clamping of the transfer frame during the mesh gluing on the drift panel (see
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(a) (b)

Figure 3.17: Fig. 3.17a shows the structure of the finalization-table with
the panel supports (green), while Fig. 3.17b shows the transfer frame sup-
port (aluminum bars in orange) and the four clamps (threaded brass rods)
mounted on the two bases. Lateral clamps are missing in this drawing. Tech-
nical designed by Roscilli Lorenzo.

Fig. 3.17b). In particular, Fig. 3.18a and Fig. 3.18b show the clamps along
the small base and the lateral sides of the finalization-table, respectively.

The finalization-table used for gas tightness test is equipped with rein-
forces under the support at the interconnection position (see Fig. 3.19a). As
will be described in Sec. 3.6.8 and Appendix II, to perform the gas tightness
test, the selected drift panel is enclosed into a couple of aluminum gas-tight
panels (so-called vessel), and placed on the proper finalization-table. To
avoid the utilization of the interconnections, an exoskeleton is placed on top
of the vessel in order to reduce at minimum the panel hump (see Fig. 3.19b).

3.6.2 Sealing procedure of PCB-PCB junction

The four PCB-PCB junctions on drift panels are sealed with a continuous
filament of glue Araldite 2011 for the whole length of the junction along a
PCB side. The reason for extending the sealing along the whole junction is
to avoid the risk of gas leaks due to imperfect bonding of the Kapton tape
between two adjacent PCB on the internal side of PCB. To better size the
amount of glue to distribute along the junction, a strip of adhesive tape (0.05
mm width) is placed at 0.5 mm from the edge of each PCB. The continuous
filament of glue fills the gap between the two adhesive tapes.

After 30 minutes, the polymerization of the two components of glue is
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(a) (b)

Figure 3.18: Fig. 3.18a shows the small base of the finalization-table with
its clamps (brass threaded rods) and the support of the transfer frame (alu-
minum bar). Fig. 3.18b shows the transfer frame clamp on the lateral side
of the finalization-table.

(a) (b)

Figure 3.19: Finalization-table for the gas tightness test with all its ele-
ments: aluminum structure with the reinforce bars at the interconnection
position (3.19a), vessel and exoskeleton (3.19b).
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Figure 3.20: The interconnection system is formed by 14 elements: 4 drift
spacers (in purple), 2 end-plugs (in light blue), 2 internal disks glued inside
the outer drift panels (in light violet), 2 internal disks glued inside the readout
panels (in green), 1 internal disk glued inside the central drift panel (in light
brown), 1 treaded road (in brown) and 2 holders for the end-plugs (in red).[59]

well started, and its viscosity has reached the minimum value. With the aid
of a spatula, the glue is pushed into the junction and the excesses of glue are
removed using the edge of a plastic parallelepiped forcefully creased along
the two strips of adhesive tape. Then the two strips of adhesive tape are
removed and the panel untouched until the glue is cured.

When the glue is completely cured, a step of few tenths of microns is
present along the whole PCB-PCB junction, therefore, it is necessary to
remove it in the region of the O-Ring groove, and in the region in which
mesh-frame and gas-gap frame will be mounted. The smoothing of the area
is done with 1000/2000 abrasive paper in alcohol and finished with abrasive
paste. Finally, a local gas tightness test (described in Sec. 3.6.4) is performed
on the sealed junction in corrispondence of the O-Ring groove.

3.6.3 Positioning of the interconnection drift spacers

As it may be seen in the drawing of the interconnection system, see Fig.
3.20, five pieces are glued inside the panels during the construction, instead
six are glued during the panel finalization: two holders (in red) and 4 “drift
spacers” (in light purple). The interconnection drift spacers defines the height
of the drift gap, therefore, they must positioned and glued on the drift panel
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defining precisely the height.
In order to glue the interconnection drift spacers obtaining with a toler-

ance of 25 µm, a special tool has been developed (see Fig. 3.21a). It consists
of a precision disk in stainless steel and of a brass three-arms-holder. The
dimensions of the precision disk has been decided after tests performed on a
drift panel prototype, and they are: 5.100 mm of height and 50 mm of ex-
ternal diameter. Three steps are necessary to glue the interconnection drift
spacers to the panel:

1. the disk is placed on the drift panel in correspondence of one intercon-
nection hole,

2. the spacer is screwed into the holder (see Fig. 3.21b) and a small amount
of glue Araldite 2011 is distributed on the spacer screw by means of a
syringe,

3. the holder is screwed to the internal interconnection disk by means of
a dynamometric key.

After glue curing the three-arms-holder is unscrewed and the height of the
interconnection drift spacer with respect to the cathode surface is measured
by means of a micrometer10. Although, screweing the three-arms-holder on
the internal interconnection disk with a certain torque may deforms locally
the panel, when the torque is released the panel comes back to its equilibrium
position and the height of the spacers with respect to the cathode surface
agrees with the technical specifications.

3.6.4 Local gas tightness test

In order to test the gas tightness of all the holes present into the MM gas
gap (mesh frame, gas inlet/outlet, HV and interconnection), and of all the
PCB-PCB junctions (already sealed), a set of testers head are employed. Fig.
3.22a shows the three types of testers head designed for a proper utilization:

10The height measurements will be described in Sec. 3.6.7
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(a) (b)

Figure 3.21: Fig. 3.21a shows the tools used to position precisely in height
the interconnection drift spacer: a precision stainless steel disk and a three-
arms-holder. Fig. 3.21b shows the spacer screwed to the holder (red circle)
and the dynamometric key used to screw the holder into the internal inter-
connection disk.

• the tester head with the smallest O-Ring is used to test the holes in
which the mesh-frame will be screwed, the gas inlet/outlet holes, and
the PCB-PCB sealing in the O-Ring groove.

• The tester head with the biggest O-Ring is used to check the tightness
of interconnections.

• The last tester head is used to test the tightness of the HV holes after
that the cable has been soldered on the cathode and the holes filled
with Araldite 2011.

The local gas tightness test is performed positioning the tester head, on a se-
lected region. A weight is placed over the tester head, causing a compression
both of the O-Ring and of the air contained in the tester head. Therefore,
the pressure inside the tester head increases slowly till the O-Ring reaches
the equilibrium under the weight and the overpressure is maximum. The
pressure is then monitored for 10 s and the leak rate measured by means of
a Labview program.

If the tested region (hole or PCB-PCB sealing) is gas leaking, the pressure
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(a) Tester head (b) End-caps

Figure 3.22: Fig. 3.22a shows the 3 types of tester head used for the local gas
tightness test, while Fig. 3.22b shows the end-caps used in the gas tightness
test of the interconnections of the central drift panel. The end-cap is screwed
on opposite side of a selected interconnection, while the tester head is placed
on the interconnection itself.

inside the tester head decreases with a loss-dependent velocity. In this case,
the region must be better sealed with glue Araldite 2011, and the test must
be repeated after the glue cured. On the contrary, the local gas tightness
test is successfully passed if the leak rate is 10−8 bar l/s.

Because the tester head volume is small (from 0.2 to 1 ml, depending on
the selected head) and the pressure sensor sensitivity is 3.125 mbar/V, the
resolution of the local gas tightness test is about 10−9 bar l/s.

When the local gas tightness test is performed on the interconnection
of the central panel, a special end-cap (see Fig. 3.22b) is screwed onto the
interconnection drift spacer on the other side of the central drift panel.

3.6.5 Positioning of mesh-frames

As already seen, mesh-frames and mesh-corners consist of aluminum frames,
placed along the drift panel perimeter, and used to attach the floating mi-
cromesh to the drift panel. They are glued with Araldite 2011 directly on
the drift panel, and screwed to its internal frames. The screws serve both
to ground the mesh-frame to the internal frames, and to fix the mesh-frames
to the panel. First of all, the Araldite 2011 is distributed in the apposite
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(a) Top view (b) Bottom view

Figure 3.23: Positioners using during the mesh-frames gluing: Fig. 3.23a
and Fig. 3.23b show the top view and bottom view of mesh-frame positioners,
respectively. The alignment pins (red circle) are visible on the bottom view.

groove of each mesh-frame on the side that will be in contact with the drift
panel. For this operation an appropriate tool in used11. Then, the mesh-
frame is carefully placed on the drift panel aligning the mesh-frame holes
with the corrisponding holes on the panel. In order to guide the positioning
of the mesh-frames, and ensure the alignment of the holes, a set of plastic
positioners (made with a 3-D pinter) is used.

As shown in Fig. 3.23a, there are three types of positioners corrisponding
to different positions on the drift panel: major base, minor base and sides.
As shown in Fig. 3.23b, on the bottom side of each positioners, there are
2 alignment pins used both as reference for the positioning and to block
the mesh-frames in the correct position. While mesh-frames are blocked,
they are screwed to the panel. Positioners are then removed, and mesh-
corners are glued and screwed on the drift panel. During glue curing an
homogeneous weight (50 kg) is applied on mesh-frames and mesh-cornes,
using a trapezoidal-shape aluminum and brass frame (see Fig. 3.24). Between
the trapezoidal frame and mesh-frames there is a 3 cm hight neoprene strip
to better guarantee a homogenous weight distribution.

11Detailed described in Sec. 3.6.6
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Figure 3.24: Frame used to press mesh-frames and mesh-corners on the
drift panel during the glue curing.

3.6.6 Glue dispenser tool

It is very important to distribute the correct amount of glue both between
mesh-frames and drift panel, and between mesh-frames and mesh. In fact,
the correct distance between the micromesh and the cathode surface must
be guaranteed avoiding glue excess, and ensuring the mechanical contact
between the elements.

The mesh-frames has grooves both on its bottom (side in contact with
the drift panel) and on its top (side in contact with the mesh) to collect glue
excesses respectively during the gluing of mesh-frames on drift panel, and
during the gluing of mesh on the mesh-frames. A glue dispenser, specifically
designed to distribute the correct amount of glue is used for both the gluing
processes, see Fig. 3.25. The gluing starts with the distribution of a filament
of Araldite 2011 in the apposite mesh-frame groove, then the glue dispenser
tool is drag on the mesh-frame to completely fill the groove. Two or three
applications are sufficient to fill completely and uniformly the glue slots.

3.6.7 Measurement of interconnection drift spacer and

mesh-frame height

The height of the interconnection drift spacer and mesh-frame have strin-
gent tolerances (25 µm) because they define the mesh distance from the
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Figure 3.25: Glue dispenser tool used both for gluing mesh-frames on drift
panel, and for gluing the mesh on mesh-frames. A small amount of glue
is distributed within the mesh-frames groove, then the dispenser is crawled
along the mesh-frame to spread the glue inside the glue slots avoiding soiling
the edges of the mesh-frame.

cathode. Therefore, after each gluing12 the height of these parts are mea-
sured using a micrometer mounted on a special holder (see Fig. 3.26). As
shown in Fig. 3.26a, to measure the interconnection drift spacer height the
micrometer is zeroed very closed to it on a small brass disk of 3 mm thickness.
Then, as shown in Fig. 3.26b, the small disk is placed on top of the intercon-
nection drift spacer and the tip of the micrometer put in contact with the
disk measuring the height of the spacer along the maximum circumference
in four points.

On the other hand, as shown in Fig. 3.26c, to measure the mesh-frame
height the micrometer is zeroed on a cathode surface, very close to the mesh
frame. The mesh-frame height is then measured along all the perimeter every
20 cm. See Fig. 3.27 for the distribution of the heighs.

Fig. 3.28 show the distributions of the height measurements of the in-
terconnection drift spacers glued on the drift panels. In particular, at the
beginning of the mass production, for the positioning of the interconnection
drift spacer, was used a plastic precision tool but the results of the height
measurements are not good (see Fig. 3.28a). On the contrary, the mea-
surements of the height of the interconnection drift spacers glued using the
procedure and the precision tool (described in 3.6.3), respects the ATLAS

12See Sec. 3.6.3 and Sec. 3.6.5 for the interconnection drift spacer gluing and mesh-frames
gluing, respectively.
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(a) (b) (c)

Figure 3.26: The micrometer on its holder during three different measure-
ment: Fig. 3.26a shows the zeroing on the brass disk; Fig. 3.26b shows the
height measurement of a interconnection drift spacer; Fig. 3.26c shows the
measurement of the mesh-frame height.

Figure 3.27: Distribution of measurements of the height of mesh frames
glued on drift panels.
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(a) (b)

Figure 3.28: The height of the interconnection drift spacers glued on the
drift panels. Fig. 3.28a refers to the interconnection drift spacer glued using
a plastic precision positioning tool (obsolete), Fig. 3.28b refers to the inter-
connection drift spacers glued usign the metallic precision positioning tool
described in Sec. 3.6.3. The red vertical bars represents the limits reported
into the NSW specifications.

NSW requirements and they are shown in Fig. 3.28b.

3.6.8 Measurement of panel gas tightness

After the drift panel has been sealed, the local gas tightness tests per-
formed and the mesh-frame and the gas distribution pipes mounted and glued
it is need to certify the gas tightness of the whole drift panel. For this pur-
pose a couple of gas-tight aluminum dummy panels (so-called vessel panels)
with same dimension and shape of the SM1 drift panels were built. They
serve as vessel in which the drift panel to test is enclosed. The gas tightness
is assured by the O-Ring. The measurement of the leak rate is performed
after filling the gas-gap created between the vessel panel and the drift panel
with air. The central drift panel is coupled with both vessel panels, while the
outer one is coupled only with one dummy panel. The O-Ring is mounted
onto the drift panel where the gas-gap-frame is screwed in the final position
to form the O-Ring groove. Fig. 3.29 show the sequence for coupling a outer
drift panel with a vessel panel: mount the gas-gap-frame on the drift panel,
insert the O-Ring into the drift panel groove, put the dummy panel on top
of the drift panel, put the exoskeleton on top of the dummy panel, clamp the
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two panels together and plug the electronics and the PC. About 100 ml of air
is inserted by means of a syringe into the gas gap and the leak rate deduced
by the pressure drop. The differential pressure of the gas-gap is monitored
for at least 2 hours (see Appendix II for a detailed description of the gas
tightness test). If the air leak rate exceeds the maximum allowed limit, the
cause is carefully investigated and solved.

3.6.9 Cold vulcanization of O-Ring and its test

The NSW MicroMegas quadruplets employ a custom soft O-ring consti-
tuted by an EPDM elastomer of 7 mm of thickness and Shore 20. The two
ends of the elestomer rope are joined using a specific technique, so-called
“cold vulcanization”:

1. Both the end on the elastomer rope are precisely and orthogonally cut
with a specific tool (see Fig. 3.30a). Then, a thin layer of rubber fast-
curing glue (ContiSecur BFA from Continental) is distributed on them,
in order to obtain a flat surface.

2. After the curing (1 hour) a second layer of rubber glue is distributed on
both the ends of the rope, and the two ends are joined using a template
in order to obtain a perfect alignment (see Fig. 3.30b).

3. Finally, the template is closed for the rubber glue curing (see Fig.
3.30c).

The rubber is completely cured after 24 hours, then the O-Ring rope is
inserted into an apposite table-test to check its gas tightness. The table-test
is capable to contain the entire length of the O-Ring but with a path designed
to enclose an air volume of 100 ml. The enclosed volume is filled with 4 ml
of air and the pressure drop is recorded for 10 min. The maximum air leak
of the O-Ring should be less than 0.04 ml/min.
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(a) (b)

(c) (d)

(e)

pictures/MicroMegas/vessel6.jpg

(f)

Figure 3.29: Picture showing the precedure to measure the panel gas tight-
ness. Fig. 3.29a shows an outer drift panel is placed on the test-table with
the O-Ring partially inserted into its groove; Fig.3.29b shows the drift panel
with the O-Ring; Fig. 3.29c shows the drift panel coupled with an aluminum
dummy panel which serve as vessel; Fig. 3.29b shows the exoskeleton on top
of vessel to avoid deformation; Fig. 3.29e shows the clamps used to tight the
vessel; finally Fig. 3.29f shows the electronics and the air inserting system
complete the setup.
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(a) Cut (b) Template for gluing (c) Curing

Figure 3.30: Procedure to obtain the O-Ring for each MicroMegas detector
layer: the elastomer is cut orthogonally (Fig. 3.30a), then a layer of rubber
is distributed on both edges. The two edges are aligned into a template and
pushed one against the other (Fig. 3.30b), and left inside it till the rubber is
cured (3.30c).

3.6.10 Mesh washing: procedure and tools

Before gluing mesh on the drift panel, it has to be carefully cleaned. A
special tool so-called “washine-cabin” is used at LNF, see Fig. 3.31. The
transfer frame on which the mesh is attached, is placed on a cart inside the
washing cabin. A mixture of detergent and warm water (40 ◦C) is distributed
on both side of the mesh using a brush. The brush bristles are soft and the
anatomic handle allows the operator to better manage the pressure on the
surface to be cleaned. The movement is in round in order to pass through
the same point from several directions and make the soap more uniform and
effective. The operation takes about 10 minutes to distribute the soap all
over the surface and to rub it a little. The soap is left to act for other 10
minutes, and then mesh is carefully rinsed with high pressure tap water at 40
◦C using a garden jet lance, helping the removal of soap with a clean clothes
brush. The final rinsing is done with demineralized water spread using the
garden jet lance. After few minutes, the transfer frame is moved into the
clean room through a connecting door, where the mesh will dry for 24 hours
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Figure 3.31: Washing cabin used both for mesh and drift/readout panels
cleaning. Designed by Alessandro Miccoli.

on a dedicate support.

3.6.11 Mesh gluing and tension measurement

After the washing and drying, the stretched mesh is ready to be glued on
the drift panel. The process can be summarized as follow:

1. the drift panel is placed on the apposite finalization-table, and a correct
amount of glue Araldite 2011 is distributed along the mesh-frames by
means of the glue dispenser tool described in Sec. 3.6.6.

2. Both the cathode surface and the mesh are cleaned with an antistatic
particle cleaning roller.

3. The transfer frame is placed on the transfer-frame-support of the finalization-
table (as already seen in Fig. 3.17b) aligning the mesh with the drift
panel. This alignment is reached aligning the interconnection with the
corrisponding holes on the mesh.

4. The mesh is slowly lowered to the panel until the mesh touches the
mesh frame (see Fig. 3.32). The two transfer-frame-supports are then
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Figure 3.32: Drawing of the mesh gluing on drift panel: the transfer frame
is placed on top of the finalization-table aligning the mesh with the drift
panel. Technical designed by Antonio Zullo.

lowered and the six clamps are used to pull down the transfer frame to
well fit the mesh to the mesh-frame.

5. The glue is also distributed on the external side of the mesh-frames in
order to avoid fraying during the cut of the mesh.

6. The transfer frame is left on the finalization-table for glue curing (1
day).

After the glue curing, the tension of the mesh is measured in different position
with a tensiometer (as already seen Fig. 3.15). Then, the mesh is separated
from the transfer-frame with a cut closest as possible to the mesh-frames.
During the mesh cut a vacuum cleaner is used to remove potential metal
dust that can be created. After the cut the measurement of the mesh tension
is repeated, see Fig. 3.33 for the tension measurements before and after the
mesh cut.

3.6.12 High voltage test and panels cleaning

The high voltage test is essential for the good operation of the MicroMegas
detector. All metallic parts (except the cathodes) must be properly grounded,
and a good electrical continuity must be ensured among them. These parts
are: the honeycomb sheets inside the panels (to be grounded in the glu-
ing phase adding ground spiders), the gas distribution pipes, all aluminum
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Figure 3.33: Tension of mesh glued on a drift panel, before (left) and after
(right) the cut from the transfer frame. The tension measurement is done
with an apposit tensiometer.

Figure 3.34: High voltage test on a drift panel.

frames and all corners. When a drift panel is completely finalized, the test is
performed applying 500 V between cathode plane of drift panel and the mesh,
through a CAEN HV power supply SY4527-A7038. The current is monitored
for about 30 minutes (see Fig. 3.34). The QA/QC test is successfully passed
if the current is under 10 nA.

The HV test performed in December 2017 on the fist production SM1
doublet gave very bad results: many sectors were unable to reach the final
tension (600-700 V) with current less than 10 nA. After careful and accurate
controls has been discovered that the degree of cleaning was insufficient. The
doublet was transferred at CERN where a specific cleaning was performed: all
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readout and drift panels were washed and brushed with soap (NGL1740 first
and CIF cream later), rinsed with tap water and high-pressure demineralized
water, using tools as displayed in Fig. 3.31. The drying was performed for
several hours in an oven at 30 ◦C. The results was very encouraging even
though the cleaning procedure may lead problems on readout panels as pillar
demage and delamination in the region between two adjacent boards (maybe
due to an insufficient amount of glue on the internal frames).

The new cleaning procedure is now adopted from all the construction
sites. Now the aim is to equip the site with tools and procedures to reach the
final result in only one step without accidents. Moreover it is necessary to
understand if can be avoided the panel washing simply with a better washing
of all components. Washing a readoudt or drift panel is always risky, therefore
this should be used only as last choice.

3.6.13 Drift panel finalization work flow

The drift panel finalization procedure has been optimized to complete
2 external and 1 central drift panels per week, working in parallel on two
distinct sets: the bare panels and panel ready for the mesh gluing. The
highlights of the work flow, for the two distinct set of drift panels, are reported
here:

First day: bare drift panels An external drift panel and a central one are
disposed on two distict finalization-tables. They are cleaned from the
glue residuals and the FR4 borders chamfered, then the both sides of
panels are accurately cleaned with propanol and the holes corrispond-
ing to the positions of the mesh-frames, gas distribution pipes and
interconnection drift spacers are tested for gas tightness. The leaking
holes must be recovered using Araldite 2011. After this inspection, the
interconnection drift spacers and HV connectors are glued on the drift
panels. Moreover, the PCB-PCB junctions are sealed with Araldite
2011. In this section, to better explain the work-flow, the side of the
central panel in which all the operations have been performed is called
“side-A”.
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First day: ready drift panels Two meshes are washed in the washing
cabin and transferred into the clean room for drying.

Second day: bare drift panels The glue used for PCB-PCB sealing in
the region of O-Ring groove and mesh-frame is smoothed using abrasive
paper in alcohol, then the sealing tested with the local gas tightness,
the interconnection drift spacers height is measured as well as their gas
tightness and the five cathodes electrically connected one to each other.
Then the external drift panel is parked momentarily on the transport
cart and the other external panels placed on the finalization-table. The
central one is turned upside down and placed on the same table. On
the new outer drift panel starts the same operations performed the first
day on the first external panel. Instead for the central one side-B start
only the operations of gluing and sealing.

Second day: ready drift panels The washed meshes are glued on an
external drift panel and on the side A of a central “ready” panel. The
other two meshes are washed in the washing cabin and soon after trans-
ferred into the clean room for drying.

Third day: bare drift panels The glue used for PCB-PCB sealing in the
region of O-Ring groove and mesh-frame is smoothed using abrasive
paper in alcohol, then the sealing tested for gas tightness, the inter-
connection drift spacers height measured as well as their gas tightness
and the five cathodes electrically connected one to each other. At this
stage the three panels are ready for mesh-frame and gas pipe gluing.
This gluing starts on the two panel sited on the finalization-tables.

Third day: ready drift panels The glued meshes are separated from the
transfer frame, cleaned and the HV test performed. At the end of the
HV test the outer panel is stuffed and put on a transport cart. The free
table is occupied with the other outer panel and the central one turned
upside down and placed on the same table. The two panels cleaned
and the two meshes glued.
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Fourth day: bare drift panels The mesh-frame height is measured and
the panels are cleaned before starting the gluing of the mesh-frames
on the second pair of cathodes (one external and the other side of the
central).

Fourth day: ready drift panels The glued meshes are separated from
the transfer frame, cleaned and the HV test performed. The external
and central drift panels are put on a transport cart, to be transferred
in the other clean room for the quadruplet assembly.

Fifth day: bare drift panels The mesh-frame height is measured and the
panels cleaned again. The gas tightness test of the three panels starts.
In the same day the electrical tests are performed.

3.7 Production status

The mass production of the NSW MicroMegas quadruplets have started
in June 2017. Here a short summary of the production status at November
2017:

• 2 eta and 1 stereo readout panels have been constructed in Pavia. The
number of completed panels is small because, due to problems on the
quality of the first readout-boards delivery, the construction of readout
panels is started only recently.

• At Roma1 a total of 21 bare drift panels have been constructed: 7
central panels and 14 external panels, corrisponding to 7 quadruplets.

• At Roma3 23 meshes have been stretched.

• At LNF a total of 14 drift panels have been finalized and ready for
the assembly: 4 central and 10 external drift panels. The finalization
procedures and quality control tests are quickly reaching the optimum
in terms of quality, rapidity, affordability and safety.

• At LNF 1 SM1 MicroMegas doublet has been closed. No quadruplets
are assembled.
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During each construction phase of the SM1 MicroMegas quadruplets, all
the items, the transports and the test results are registred and traceable by
apposite online Logistic and QA/QC databases.
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CHAPTER4
Lepton-Jets search

The aim of this thesis is describing an analysis as mush as possible model
independent, therefore a general structure of Hidden Sector and a generic
definition of Lepton-Jets (LJs) are used. In addition, only LJs produced far
from the primary interaction vertex are considered.[77][78]

This situation represents a challenge both to reconstruction and trigger
ATLAS capabilities for two reasons: (i) due to the detector granularity, it is
not simple to distinguish collimated particles as LJs, (ii) due to the displaced
LJ vertex, it is not possible to use the inner tracking system nor to apply
triggers which require tracks pointing back to the interaction point.[79]

4.1 Hidden Sector and Lepton-Jets

As already suggested in chapter 1, several Standard Model extensions
predict the existence of a Hidden Sector weakly coupled to the Standard
Model, in which new heavy particles, or even H, W, Z, t particles, may decay
into.[80][81][82][83][80][84]

In this thesis, to trigger non-conventional Higgs decays, it is considered
the simplest case in which the Hidden Sector is a non abelian gauge group
U(1)d, whose symmetry is broken at the GeV scale, and the associated hid-
den gauge boson, usually called hidden photon or dark photon γd, mixes
kinetically with the visible one.[13] The most general Lagrangian describing
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the vector1 portal between the hidden gauge U(1)d field and the SM U(1)
field is:

L = −1

4
FµνF

µν − 1

4
bµνb

µν +
ε

2
bµνF

µν +
m2
γd

2
bµb

µ (4.1)

where Fµν is the field strength for SM photon, bµν is the field strength for γd
and ε is the kinetic mixing parameter.[85]

Through the vector portal, the γd decays into all kinematically allowed
SM states with electric charge. Therefore, as shown in the Fig. 4.1, the
mass of γd is the only parameter controlling which visible particles can be
produced: if γd mass is in the range of MeV to GeV, it will decay mainly in
leptons and light hadrons. In addition, due to its small mass, the γd would
typically be produced with large boosts at LHC, thus the result of its decay
consists of collimated jet-like structures containing pairs of electrons, muons
or charged pions, called Lepton-Jets2.[79]

An important role for the Hidden Sector is covered by the kinetic mix-
ing parameter ε, which controls the coupling strength of the Hidden Sector
and the SM one, and also determines the γd lifetime τ 3. An approximate
mathematical relationship between ε and τ is:[86][87]

cτ ∝
(

10−4

ε

)2(
100MeV

mγd

)2

(4.2)

Tipically the kinetic mixing parameter ε is of the size of radiative correc-
tion ∼ O(10−5 − 10−2). In this thesis it is considered the case of ε ≤ 10−5,
which means that the γd with mass in the range of MeV to GeV has non-
negligible lifetime, and its decay length is comparable with the ATLAS detec-
tor dimensions. This turns up in LJs produced far for the interaction point,
usually called displaced Lepton-Jets (dLJs).[88][70][89]

1A vector boson has odd intrinsic parity and spin=1, therefore each gauge boson is also
a vector boson.

2As clearly reported in [13], the decay braching ratio (BR) of the γd into pions depends
on the electromagnetic form-factor at ρ2 = m2

γd
, also known as R ratio. If the γd mass is

very close to the ρ-meson resonance, it decays mostly into pions (see Fig. 4.1), and the
term Lepton-Jet is not very suitable. However, generally, a big fraction of BR into leptons
is expected and this is the reason of the name.

3From now on, in this thesis the γd lifetime τ will be expressed as τ times the speed of
light c, i.e. cτ .
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Figure 4.1: γd particle branching ratio as a function of its mass. For
mγd ∼ 0.4 GeV the BR(γd → e+e−) and BR(γd → µ+µ−) are 45%, while
BR(γd → π+π−) is 10%.[83]

Therefore, experimentally the LJs are characterized by the high energetic
particles (e, µ, π) highly collimated (∆R ≤ 0.1) created far away from the
interaction point, from the decay of one or two dark photons, as displayed in
Fig. 4.2.

The introduction of the Hidden Sector can solve some SM limitations
described in chapter 1.[90] For example, assuming that Dark Matter (DM) is
charged under the Hidden Sector (U(1)d ≡ Gd), the astrophysical anomalies
observed by FERMI and PAMELA telescopes (i.e. the excess of positron
flux but not of antiproton flux) are explained by the fact that, for kinematic
reasons, dark photons decay into leptons. Also the high cross section observed
can be explained taking into account the Sommerfeld enhancement of the
annihilation rate. In addition, the existence of a Hidden Sector provides a
solution to the muon anomalous magnetic moment by the introduction of a
correction term due to a virtual dark photon.[91][92]

4.2 The FRVZ benchmark models

This thesis only considers non-conventional Higgs decays, which corre-
spond to the branching ratio BR(H→ LJs) = 10%. The Higgs boson is
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Figure 4.2: Picture showing two generic LJs: on the left a LJ is produced
by the decay of one γd, while on the right is produced by the decay of one
hidden scalar sd1 into two γd.[77]

generated through the gluon-gluon fusion production mechanism, which has
a cross section in proton-proton collisions at

√
s = 13 TeV, of σ = 44.13 pb

for H = 125.09 GeV.[93]
In order to use a generic definition of dLJ, this analysis uses as bechmark

models, two simplified Falkowsky-Ruderman-Volansky-Zupan (FRVZ) mod-
els.[77] As shown in Fig. 4.3, both FRVZ models assume that a SM Higgs
boson (or even a Higgs-like heavy scalar boson) decays to a pair of hidden
fermions fd2 yielding a decay-chain, which finally produces a pair of dLJs.
In the first benchmark model, see Fig. 4.3a, each hidden fermion fd2 decays
to a γd and a Hidden Lightest Stable Particle (HLSP), and each γd pro-
duces a dLJ. In the second benchmark model, see Fig. 4.3b, each fd2 decays
to a HLSP and a hidden scalar sd1 which in turn decays to pairs of γd, and
each pair of γd yields a dLJ.

In both the FRVZ models, the two dLJs produced from the γd decays, are
approximately back-to-back and consist of collimated particles (∆R < 0.1).
The dark photon mass is chosen 0.4 GeV, therefore as shown in Fig. 4.1,
both BR(γd → e+e−) and BR(γd → µ+µ−) are 45%, while BR(γd → π+π−)
is 10%. Finally, the mean lifetime cτ of the γd is a free parameter of the
benchmark models.
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(a) H→ 2γd +X (b) H→ 4γd +X

Figure 4.3: The FRVZ benchmark models: the diagrams show the produc-
tion of hidden fermions and their decay-chain in the hidden sector yielding
two dLJs. H is the Higgs boson or a Higgs-like heavy scalar boson produced
via gluon-gluon fusion.[70]

4.3 Monte Carlo and data samples

This section briefly describes the samples of events used in this analysis.
For a complete list of all Monte Carlo and data samples see [94].

4.3.1 Collision data sample

The analysis presented in this thesis employs the full dataset collected
by ATLAS during the 2015 data taking4 at

√
s = 13 TeV, corresponding to

an integrated luminosity of 3.5 fb−1. Although the integrated luminosity of
2015 is relatively low, the sensitivity to displaced LJ signatures is sizeable
due the high cross-section for Higgs production at

√
s = 13 TeV, and also

4As recommended by the ATLAS Data Quality group, only runs contained in the Good
Run List (GRL) are used. The GRL consists of all the physics runs which satisfy a set
of data quality criteria, and for which all the ATLAS subdetectors runned at the nominal
conditions. In this analysis the GRL data15 13TeV.periodAllYear HEAD DQDefects-
00-01-02 PHYS StandardGRL All Good 25ns tolerable IBLSTANDBY-DISABLE.xml is
used.
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FRVZ model mH

[GeV]
mfd2

[GeV]
mHLSP

[GeV]
msd1

[GeV]
mγd

[GeV]
cτγd
[mm]

H→ 2γd +X 125 5.0 2.0 0.4 47.0
H→ 4γd +X 125 5.0 2.0 2.0 0.4 82.40
H→ 2γd +X 800 5.0 2.0 0.4 11.76
H→ 4γd +X 800 5.0 2.0 2.0 0.4 21.04

Table 4.1: Parameters used for Monte Carlo simulation of the two bench-
mark models. As reported, the first and third rows refer to the first FRVZ
model with SM Higgs boson and heavy Higgs-like boson respectively. The
second and fourth rows refer to the second FRVZ model using SM Higgs
and heavy Higgs-like boson respectively. For all Monte Carlo simulations
BR(γd → e+e−) = BR(γd → µ+µ−) = 45%, and BR(γd → π+π−) = 10%.

to improvements both in trigger and reconstruction efficiency for close-by
muons.

4.3.2 Monte Carlo signal sample

As said in Sec. 4.2, the Higgs boson seeding the Hidden Sector chain-
decay, is generated through the gluon–gluon fusion production mechanism.
The PYTHIA8 generator5 v8.186 is used, linked together with a custom
model in MadGraph 56 v2.2.3, for gluon-gluon fusion production of the Higgs
boson and the subsequent decay to Hidden Sector particles. The generated
Monte Carlo (MC) events are processed through the full ATLAS simulation
chain based on GEANT47 and then reconstructed using the same software
release used for collision data.[77]

5PYTHIA8 is a computer simulator program for the generation of high-energy col-
lisions, written in C++. It contains a set of physics models for the evolution from a
few-body hard process to a complex multihadronic final state.[95]

6MadGraph 5 is a matrix element generator written in the Phyton programming lan-
guage. It can generate the matrix element at the tree-level for any Lagrangian based
model (renormalizable or effective). The results can be output as a set of C++ classes
and linked to PYTHIA8.[96]

7GEANT4 is a toolkit for the simulation of the passage of particles through matter
and for full MC simulation of detectors in High Energy Physics. It is also designed to take
into account the requirements of space and cosmic ray applications, nuclear, heavy ions
and radiation computations, and medical applications.[97]
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For each benchmark model, two sets of MC events have been simulated.
Both have the same decay chain, but the first MC set uses the 125 GeV Higgs
boson, while the second one uses an 800 GeV Higgs-like scalar boson. The
γd mean lifetime cτ is a free parameter of FRVZ models. Therefore, in the
generated MC signal samples, cτ is chosen so that a large amount of decays
occurs inside the sensitive ATLAS detector volume, i.e. before the first muon
trigger chamber (up to 7 m in radius and 13 m along the z-axis). As will be
discussed in Sec. 6.2, it is possible to calculate the γd detection efficiency for a
wide range of cτ , through reweighting of the decay position in the generated
samples. A detailed view of all the parameters used in the generated MC
signal samples is reported in Tab. 4.1.

In order to compare the MC to data results, the number of MC events is
normalized to that expected at the integrated luminosity of 2015 data (3.5
fb−1). Hence, the total number of MC events is rescaled to the production
cross-section of the sample processed multiplied by the integrated luminosity.

In particular, for the 125 GeV Higgs boson the cross section is 44.13 pb
(which is the SM gluon fusion Higgs production cross section), while for the
800 GeV Higgs-like boson the cross section is fixed to the conventional value
of 1.0 pb (to easy rescale to any other cross sections).

4.3.3 Empty data samples

In order to study the non-collision background from cosmic-rays and
Beam-Induced Background, it is used a sample of events collected in the
empty bunch-crossings8 with the same triggers applied on data, but with
an high prescale factor (' 50). The average ratio between filled and empty
bunch crossings is almost 2 to 1.

4.3.4 Monte Carlo background samples

In order to study the SM background produced by proton-proton colli-
sions, this analysis uses official ATLAS MC samples corresponding to the fol-

8Empty bunch-crossings contain no protons.
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Figure 4.4: Classification of dLJs based on particle species content.[78]

lowing processes: tt, single-top, di-photon, photon+jets, Drell-Yan e+e−(µ+µ−),
Z+jets, W+jets, ZZ, WW, WZ.

As for the MC signal sample, also the MC background events are pro-
cessed through the full ATLAS simulation and reconstruction chain. More-
over, also for the MC background samples, the total number of events is
rescaled to the production cross-section of the sample processed multiplied
by the total integrated luminosity in the 2015 data sample.

4.4 LJ reconstruction

As shown in Fig. 4.4, this analysis classifies LJs according to the final
state particles content, which depends on the γd decay chain:

• LJ Type0: a cluster of at least two muons identified into the Muon
Spectrometer, with a veto on jets in a cone of radius ∆R = 0.5. It
corresponds to the signature of a LJ with at least one γd → µ+µ−.

• LJ Type1: a cluster of at least one jet with low electromagnetic (EM)
fraction9, and two muons in a cone of radius ∆R = 0.5. It corresponds
to the signature of a LJ with two γd: one γd → µ+µ− and the other
γd → π+π−(e+e−).

9As will be explained later, the EM fraction is defined as the ratio of the energy
deposited in the ECal, with respect to the total jet energy.
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• LJ Type2: a jet with low EM fraction and no muons in a cone of
radius ∆R = 0.5. It corresponds to the signature of a LJ with at least
one γd → π+π−(e+e−).

For all LJ topologies this work only considers γd displaced decays. In this
way it is possible to reduce the SM background rejecting particles coming
from the main proton-proton interaction vertex.

For muonic LJs, this requirement means that only dark photons decay
beyond the last Pixel detector layer (' 12 cm along x-y plane, ' 50 cm along
z-direction) are considered. Since the ID reconstruction algorithm requires
at least one hit in Pixel detector, muons constituting dLJs are reconstructed
only by MS and they are not lined up to any ID tracks. Therefore, at detector
level, the muonic dLJs consists of non-combined (non-CB) muons, which
are defined as an ExtrapolatedMuonTrackParticle objects (i.e. MS tracks with
a loose constraint on the main vertex position) not matched to any combined
muons (which are muons with a MS track lined up to an ID track).

The non-CB muons are selected applying the following requirements, sug-
gested by the Muon Performance Group:

• In the barrel region are accepted non-CB tracks with hits in at least
two10 MDT stations (total number of hits ≥ 10), and at least 1 RPC
φ-hit.

• In the EC region are accepted non-CB tracks with at least 1 hit in the
TGC stations, and at least one of the following cases:

– number of hits ≥ 10 in the MDT stations

– number of hits≥ 3 both in CSC chambers and in the middle+outer
MDT stations.

In addition to the listed requirements, the search is limited to the pseu-
dorapidity interval |η| < 2.4, which corresponds to the ID and MS trigger

10Actually, the Muon Performace Group requires three MDT stations. In this work
the minimum number of MDT stations is reduced in order to accept γd decays occured
between the first MDT layer and the first trigger chamber, corresponding to the range of
radius ' 5− 7 m

105



4.4. LJ RECONSTRUCTION

(a) ∆R(µ+µ−) in H→ 2γd +X (b) ∆R(µ+µ−) in H→ 4γd +X

Figure 4.5: Angular opening of γd decay products for muonic LJs. Fig. 4.5a
shows the ∆R distribution between muons of a single LJ for the FRVZ model
H→ 2γd+X, while Fig. 4.5b shows the same distribution for the FRVZ model
H→ 4γd+X. Both 125 GeV Higgs boson and 800 GeV Higgs-like heavy scalar
boson are considered.[94]

coverage. Moreover, in order to avoid the MS transition region where the
magnetic field is not uniform, tracks in the range 1.0 < |η| < 1.1 are re-
jected. For muonic LJs, the algorithm reconstruction is seeded by the highest
pT non-CB muon, and searches for non-CB muons in a cone of fixed opening
angular ∆R. If at least 2 muons and no jets are found, the LJ is accepted
and classified as LJ Type0. As reported in Fig. 4.5, a cone of ∆R = 0.5 is
adequate to contain all the dark photons decay products for both the FRVZ
models, with 125 GeV Higgs boson and 800 GeV Higgs-like heavy scalar
boson.[94]

In the case in which the γd decay products are electrons or pions pairs,
the algorithm used for jet clusterization is the “anti-kt algorithm”, with a
radius parameter of 0.4.11

11The anti-kt algorithm consists of iterative process that combines pairs of i,j clusters,
contained in a fixed radius R, in order to minimize the quantity:

dij = min(p2nT,i , p
2n
T,j)

∆R2
ij

R2

where R and n are free parameters, which are chosen for the anti-kt algorithm as n = 1
and R = 0.4. The advantage of the anti-kt algorithm is that it leads to the reconstruction
of jets with shapes not influenced by soft or strong perpendicular radiation. Other jet
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(a) Jets per LJ in H→ 2γd +X (b) Jets per LJ in H→ 4γd +X

Figure 4.6: Fraction of reconstructed jets contained in a LJ for the two
FRVZ models. In particular, Fig. 4.6a corresponds to the model H→ 2γd+X
in which each LJ is generated by one dark photon decay, while Fig. 4.6b
corresponds to the model H→ 4γd +X in which each LJ is generated by two
dark photons decay. Both distributions are evaluated using 125 GeV Higgs
boson and 800 GeV Higgs-like heavy scalar boson.[94]

This analysis only considers jets with pT ≥ 20 GeV and |η| ≤ 2.4. In
addition, jets must satisfy the standard ATLAS quality criteria reported in
[98], while for calibration are used the recommended recipe for Moriond 2016
(JetCalibTools-00-04-61) and the energy scale correction described in [99].
The only standard ATLAS selection criteria not applied is the requirement
on the electromagnetic fraction, which is defined as the ratio of the energy
deposited in the ECal with respect to the total jet energy. In this way, γd
displaced decays in the HCal are allowed in the search. In fact as will be
described in Sec. 4.7 and 4.8, in order to reduce the background for electrons
or pions LJ, only dark photons decay in HCal, or at the end of ECal, are
selected.

As shown in Fig. 4.6, for the two FRVZ models, each LJ constituted
by electrons or pions is mostly reconstructed as a single jet, regardless of
whether it is generated by one or two dark photons decay. This is due to the
large γd boost which leads to very collimated particles.

clustering algorithm are “kt’, and “Cambridge/Aachen” algorithm which use a different
value of free parameter n.
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4.5 Triggers for LJ selection

Since many standard ATLAS triggers are strictly linked to the primary
IP, in order to select γd displaced decays it is necessary to use specifically
designed triggers, which are not linked to the primary vertex.[100]

In particular, this analysis takes advantage of a logical OR of the following
triggers:

• The Narrow-Scan “HLT-mu20-msonly-mu6noL1-msonly-nscan05”, is
designed to select events with two muons in a very narrow cone, avoid-
ing the loss of efficiency due to the limited granularity of RoI at L1
trigger (see Sec. 2.3.7). In fact, the Narrow-Scan trigger requires at
least one L1 trigger muon with pT ≥ 20 GeV (which is fully matched
with a HLT muon object). Then, around this “leading muon”, the trig-
ger performs a scan in a cone of ∆R = 0.5, searching for a “sub-leading
muon”. The sub-leading muon is a HLT muon with pT ≥ 6 GeV, which
has no requirements on matching a L1 muon object. It is important
underline that the Narrow-Scan does not require an ID track either for
leading muon or for sub-leading one.

• The Tri-muon MS-only “HLT-3mu6-MSonly”, selects events with at
least three MS-only muons with pT ≥ 6 GeV.[101] It is seeded at L1
trigger by a cluster of three muon ROIs in a cone of ∆R = 0.4. More-
over it requires to have no reconstructed jets in a cone of ∆R = 0.5.

• The CalRatio “HLT-j30-jes-PS-llp-L1-TAU60” selects events with an
isolated jet of low EM fraction.[101] Since the γd decay in the HCal
produces narrow jets, the CalRatio trigger is seeded by a L1 τ -lepton
trigger with pT ≥ 60 GeV, which uses a narrower calorimeter region
than the L1 jet trigger. The CalRatio requires jets with ET ≥ 30 GeV
and |η| ≤ 2.4 (which is the pseudorapidity ID coverage, useful to reject
jets lined up with ID tracks). Moreover, regarding the calorimeter
energy ratio it is required that log

(
EHCal

EECal

)
≥ 1.2. Finally, in order

to reject fake jets from beam-halo muons, the CalRatio performs ID
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FRVZ model Trigger Efficiency (%)
mH = 125 GeV

Efficiency (%)
mH = 800 GeV

H→ 2γd +X

Narrow-Scan 10.6 23.0
Tri-muon MS-only 2.0 2.4
CalRatio 0.3 9.7
OR of all triggers 11.9 32.0

H→ 2γd +X

Narrow-Scan 8.3 38.4
Tri-muon MS-only 4.9 7.8
CalRatio 0.1 7.4
OR of all triggers 11.8 44.8

Table 4.2: Trigger acceptance times efficiency (in %) calculated using the
generated FRVZ MC samples. Both FRVZ models with 125 GeV Higgs boson
and 800 GeV Higgs-like scalar boson are used.[77][102]

track isolation selection around the jet axis (no track with pT ≥ 2 GeV
within ∆R ≤ 0.2 from the jet axis) and Beam Induced Background
tagging (see Sec. 4.8 for further informations).

Tab. 4.2 shows for each trigger, the acceptance times efficiency12 evaluated
for the two FRVZ benchmark models H→ 2γd + X and H→ 4γd + X. It is
defined as the ratio between the number of triggered events and the total
number of FRVZ MC generated ones.

4.6 FRVZ LJ reconstruction efficiency

The reconstruction efficiency13 is evaluated for LJ Type0 and LJ Type2
using the FRVZMC signal samples of the benchmark model H→ 2γd+X with
125 GeV and 800 GeV Higgs boson. The corresponding detection efficiency
for the LJ Type1 can be evaluated simply multiplying the LJ Type0 detection
efficiency and the standard jet one.[78]

12Note that in HEP, the acceptance refers to purely geometric detector fiduciality, while
the efficiency refers to purely detector effectiveness in finding objects which pass trough
the detector. Usually, the quantity acceptance times efficiency is simply indicated as
“efficiency”.

13As before, “efficiency” is understood to mean acceptance times efficiency.
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For both LJ Type0 and LJ Type2, the dark photon reconstruction ef-
ficiency is evalutated separately for the Barrel and the EC regions, and it
is given as a function of pT and decay distance of γd. In particular, in the
Barrel region it is used the transverse decay distance Lxy, while in the EC
region the longitudinal decay distance Lz.[103][24]

(a) (b)

(c) (d)

Figure 4.7: Reconstruction efficiency for LJ Type0 from γd → µ+µ− eval-
uated with MS samples of model H→ 2γd +X. Both 125 GeV and 800 GeV
Higgs bosons are used. First row shows the reconstruction efficiency evalu-
ated in the Barrel region, while the second one the correspondig value for
the End-Cap region: Fig. 4.7a displays the efficiency as a function of the γd
transverse decay distance Lxy, Fig. 4.7b as a function of the γd pT , Fig. 4.7c
as a function of the γd longitudinal decay distance Lz, and finally, Fig. 4.7d
as a function of pT .[102][94]
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For LJ Type0, the γd reconstruction efficiency as a function of a given
variable, it is defined as the ratio (for each variable’s bin) between the number
of γd → µ+µ− reconstructed as LJs, and the total generated γd → µ+µ−,
without applying trigger cuts. As shown in Fig. 4.7, both for the Barrel
(|η| ≤ 0.9) and the EC regions (|η| ≥ 1.1), the reconstruction efficiency
decreases with increasing the γd decay distance from the interaction point.
This is due to the decrease in separation between the two muons in the inner
MDT station (since they are produced farther from the IP, they are more
collimated producing an overlap in the track reconstruction). Moreover, there
is an increase in reconstruction efficiency as a function of the decay distance,
after the innermost chambers (Lxy ' 4.5 m, Lz ' 7.5 m in the EC) due
to the separation of the two muons under the influence of the MS magnetic
field (see Fig. 4.7). Finally, as expected, the reconstruction efficiency drops
to zero respectively after the second MDT station in the Barrel, and after
the third MDT station in the EC.

Fig. 4.7 also shows that the γd → µ+µ− reconstruction efficiency for the
800 GeV Higgs boson sample, is lower than the one evaluated with the 125
GeV Higgs boson. This is due to the higher boost of γd produced from 800
GeV Higgs-like heavy scalar boson, which induce a decrease of muons track
separation.

The same procedure used for LJ Type0, it is repeated for LJ Type2 in
which the γd → e+e−(π+π−) is reconstructed as jet. In fact, also in this case,
the γd reconstruction efficiency as a function of a given variable, is defined
as the ratio between the number of γd → e+e−(π+π−) reconstructed as LJs
and the total number of γd → e+e−(π+π−). This ratio is evaluated for each
variable’s bin, separately for the Barrel(|η| ≤ 1.1) and End-Cap(|η| ≥ 1.1)
regions, without applying any trigger cuts. However, in order to select LJs
Type2 produced in HCal (or late in ECal) a cut on the electromagnetic
fraction and on the jet width are applied.14 For this reason, as shown in Fig.
4.8, the reconstruction efficiency becomes significantly different from zero at

14In particular, it is required that the EM fraction ≤ 0.1 and the jet width W≤ 0.058.
Sec. 4.8 extensively explains the definition of mentioned cuts.
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the end of the ECal (Lxy ' 2 m, Lz ∼ 4 m) and drops to zero at the end of
HCal (Lxy ' 3.7 m, Lz ' 6 m).

Contrary to the LJ Type0 case, the reconstruction efficiency of γd →
e+e−(π+π−) evaluated using the 800 GeV Higgs boson is higher than the
corresponding one evaluated using the 125 GeV Higgs boson. This is due to
the fact that the LJs produced from 800 GeV Higgs boson have higher pT
and hence are more easily reconstructed in ATLAS as a jets.

4.7 Main source of background

The main sources of background for the LJ signal are:

• Quantum ChromoDinamics (QCD) multijet production,

• Beam-Induced Background (BIB),

• cosmic-ray muons.

TheQuantum ChromoDinamics multijet production constists of SM
high-energy jets produced by the proton-proton interaction. The multijet
production constitutes the main background to the LJ Type2 signal. Al-
though the multijet production is the main SM background component,
other standard processes due to proton-proton collision can be back-
ground sources for the LJs search. For example the SM processes which lead
to prompt muons and muons plus jet in the final state, like: single-top, tt,
di-photon, photon+jet, Drell-Yan e+e−(µ+µ−), Z+jets, W+jets, ZZ, WW,
WZ. In these cases, as will be discussed in next section, the selection of γd
displaced decays provides a good SM jets rejection.

Moreover, another source of background comes from SM processes with
high production rate of secondary muons not matched to the primary vertex.
For example the decays in flight of K/π and heavy flavour decays in multi-jet
processes.

The Beam-Induced Background is produced mostly by interaction of
protons with residual gas or machine elements.[104][105] In fact, the main
BIB sources are:
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(a) (b)

(c) (d)

Figure 4.8: Reconstruction efficiency for LJ Type2 from γd → e+e−(π+π+)
evaluated with MC samples of model H→ 2γd + X. Both 125 GeV and 800
GeV Higgs bosons are used. First row refers to the reconstruction efficiency
evaluated in the Barrel region, while the second one to the correspondig value
for the End-Cap region: Fig. 4.8a displays the efficiency as a function of the
γd transverse decay distance Lxy, Fig. 4.8b as a function of the γd pT , Fig.
4.7c as a function of the γd longitudinal decay distance Lz, and finally, Fig.
4.8d as a function of pT .[102][94]

• beam losses on limiting apertures, in particular on the tertiary collima-
tors situated at almost 150 m from the IP,

• elastic beam-gas scattering (occured in the LHC ring) yielding small
angle deflection of protons, which add to the loss rate due to the tertiary
collimators.
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• inelastic beam-gas scattering (occurred in the LHC ring) which results
in shower of secundary particles. Most of these have only fairly local
effects, but high-energy muons produced in such events can travel large
distance and reach the detector. Simulations indicates that contribu-
tions from 500 m from IP can be seen by the detector. Usually the high-
energy muon component of BIB is indicated as beam-halo muons, see
Fig. 4.9. Due to the bending in the dipole magnet of LHC, these high-
energy muons cross the detector almost horizontally, releasing radiative
energy reconstructed as jet in HCal. Therefore, the beam-halo muons
contribute to the background of LJ Type2.

The cosmic-ray background, see Fig. 4.9, is entirely due to high-energy
muons that cross the detector in time coincidence with a bunch-crossing
interaction. These muons mostly come from above penetrating the 60 m thick
soil, and they are mainly concentrated in the barrel detector region. Just like
the BIB muons, the cosmic-ray muons can give hard bremsstrahlung in the
HCal producing fake jets.[104] Therefore, the cosmic-ray muons contribute
at background of all LJ topologies: Type0, Type1 and Type2. Although the
rate of the BIB and cosmic-ray background processes is low, they form a
non-negligible background in search for rare physics processes like the LJs
search.

4.8 Selection requirements on single LJ

In both the benchmark models, each event consists of two LJs. This
section describes the selection requirements applied to select each LJ of the
event, rejecting the background. In particular, in order to study the non-
collision background (constituted by cosmic-ray and BIB background), this
analysis uses samples of events collected in the empty bunch crossings with
the same triggers applied on data. On the other hand, in order to optimize
the selection cuts to reject the QCD multijet background, it is used a dijet
control sample from data, collected during 2015, and corresponding to an
integrated luminosity of 1.0 fb−1.
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(a) Simulation of muon bundles event (b) Beam-halo muons event in 3D

Figure 4.9: Picture showing two example of source of background in dLJs
search: Fig. 4.9a shows high-energy cosmic ray muons which cross the de-
tector in time coincidence with the bunch-crossing interaction. On the other
side, Fig. 4.9b shows a BIB event constituting by high-energy muons, which
are generated by inelastic beam-gas scattering inside the LHC ring.[106]

To optimize the signal LJ significance respect to the background, cuts on
various variables are applied.

In order to reduce the QCD multijet background for LJ Type2, in
addition to the requirements on jet transverse momentum (pT ≥ 20 GeV)
and jet pseudorapidity (|η| ≤ 2.4), this analysis only considers jets produced
by dark photons decayed in HCal (or late in ECal). Hence, as shown in
Fig. 4.10, a selection criterion to distinguish jet of LJs Type2 from QCD
background is the jet EM fraction.

Another variable used to reject QCD multijets background is the jet
width, see Fig. 4.11. It is a dimensionless quantity, defined as the aver-
age distance of all i-th jet constituents15 with respect to the jet direction,
weighted with the energy of each i-th jet constituents:

W =

∑
i

∆Ri · piT∑
i

piT
(4.3)

15The jet constituents are calorimeter clusters.
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Figure 4.10: In red is shown the distribution of the EM fraction for LJ
generated by a single γd → e+e−(π+π−), with γd decayed in HCal. In black
is shown the corresponding distribution for a QCD dijet control sample from
data. The cut EM fraction < 0.1 optimizes the signal significance.[94]

Where ∆Ri =
√

(∆ηi)
2 + (∆φi)

2 is the radial distance between the i-th jet
constituent and the jet axis, while piT is the transverse momentum of the i-th
jet constituent with respect to the beam axis.

Finally, a third discriminating variable used to reject QCD multijets back-
ground from LJ Type2 signals, is the jet vertex tagger (JVT).[107] It is
based on the sum of the pT of tracks associated with jets from the primary
interaction. In fact, the JVT is originally designed to reject jets from pile-up,
keeping jets from the primary IP. Since this analysis only select LJs Type2
from γd displaced decays, LJs are not associated with the primary interac-
tion, therefore in this thesis the JTV selection is applied oppositely to its
typical usage.

In order to optimize the selection cuts for LJ Type2, using the three
variables descripted above, it is applied the Tag and Probe method both on
MC and dijet control data sample. For each event, the “tag” is the leading
jet (i.e. the jet with higher pT ), while the “probe” is the sub-leading jet.
Both tag and probe jets must have ET ≥ 20 GeV and |η| ≤ 2.4. Moreover,
in order to select back-to-back jets (expected not only in MC signal but also
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Figure 4.11: Jet width distribution for LJ generated by a single
γd → e+e−(π+π−), with γd decayed in HCal (in red), and the corresponding
distribution for a QCD dijet control sample from data (in black). The cut
W < 0.058 optimizes the signal significance.[94]

in QCD dijet production), it is required that ∆φ between the tag and probe
jets is ∆φ ≥ 2.5. To optimize the cut value, the discriminating variables are
ordered accordingly to their separation power (SP), defined as:[108]

(SP )2 =
1

2

∫
(pS(x)− pB(x))2

pS(x)− pB(x)
dx (4.4)

where pS(x) and pS(x) respectively are the signal and background probability
density functions of a discriminating variable x. Therefore, SP is zero for
identical signal and background shapes, and it is one for shapes with no
overlap.16

The cut on the first variable is chosen maximizing the signal significance,
defined as:[94]

√
2 ·

√
(NS +NB) · log

(
1 +

NS

NB

)
−NS (4.5)

16In this thesis, the discriminating variables to reduce the QCD background on LJs
Type2, can be ordered according their SP, as follow: EM fraction, jet width, JVT.
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where NS and NB respectively are the number of signal and background jets,
with the application of a given cut on the first discriminating variable. When
the signal significance is maximized, the cut on the first variable is fixed. The
distributions of the other variables are re-derived applying the cut on the first
variable, and the procedure starts again, until the cuts for all variables are
obtained.

As shown in Fig. 4.10 and 4.11, the optimization procedure yields to the
following selection cuts:17

• EM fraction < 0.1,

• Jet width < 0.058,

• JVT < 0.56,

In order to reduce the BIB background for LJs Type, it is used
the ‘Two-Sided No-Time Method to tag the BIB jets as fake LJs Type2.
Developed by the Non-Collision Backgrounds group, the method identifies a
BIB fake jet looking for a muon segment parallel to the beam pipe, which
is matched with the jet in φ. In particular, since the jets contained in LJ
Type2 are HCal jets, the method looks for a muon tracks in both forward
EC MDT detectors, matched the jet within 4◦ in φ.

Regarding the LJs Type2, another source of background comes from
the jets reconstructed in the transition region between the barrel and
end-cap cryostat, corresponding to the crack of the calorimeters. Jets in this
condition have an artifically low EM fraction, therefore, to reject this back-
ground, this analysis requires that jets in the region 1.0 < |η| < 1.6 (where
HCal consists of Tile-Gap scintillators) have an HCal fraction of energy< 0.1.
Fig. 4.12 shows the distribution of jets as a function of η, highlighting the
effect of the application of this selection requirement.

17As extensively described in [94], to validate the cut values chosen by the optimiza-
tion procedure, the Rectangular Cut Optimization method can be used, obtaining similar
results.
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Figure 4.12: The η distribution of jets having EM fraction < 0.2, without
(blue) and with (red) requiring an energy fraction released in the Tile-Gap
cells < 0.1.[94]
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Figure 4.13: Jet timing of jets from non-collision data events (magenta
squares), and the corresponding distribution for jets from Type2 LJs evalu-
ated with MC samples (pink solid blocks).[77]

In order to reduce the cosmic-ray background for LJs Type2 and
LJs Type1, as discriminating variable it is used the jet timing ∆tCal. It
is defined as the energy-weighted mean time difference between the bunch-
crossing time (t = 0) and the time of energy deposition in the calorimeter.
As shown in Fig. 4.13, the jet timing distribution generated by cosmic-ray
muons is wide and symmetric around t = 0, while the timing distribution of
jets generated by γd decays is narrow and peaked at t = 0. Therefore, this
analysis only considers jets with −4ns < ∆tCal < 4ns, and this choice allows
to retain ' 95% of signal.

In order to reduce the cosmic-ray background for LJs Type0 (but
also for the muon contained in LJ Type1), as discriminating variable, the
longitudinal muon track impact parameter is used. Indicated with |z0|, it
is defined as the minimum distance in the z-coordinate of the non-CB muon
track to the primary interaction vertex.18

Fig. 4.14 shows that the |z0| distribution for muonic LJ constituents from
18It is the vertex whose constituent tracks have the largest

∑
p2T .
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Figure 4.14: Muon impact parameter for muonic LJ constituents in empty
bunch-crossings data events (magenta squares), and the corresponding dis-
tribution for muonic LJ evaluated with MC sample of H→ 4γd + X with
H= 125 GeV (pink solid blocks).[77]

empty bunch-crossing data events is wide. On the other hand, the cor-
responding distribution for LJ constituents from MC sample of the FRVZ
model H→ 4γd+X with H= 125 GeV19, is narrow and peaked at z0 = 0 mm.
This analysis fixes as selection requirement |z0| ≤ 280 mm for LJ muons,
allowing to reject the 96% of cosmic-ray background, with a loss signal of
5%.

The list of all the selection criteria applied on single LJ, is summarized in
Tab. 4.3. The requirements are listed according to the order in which they
are applied.

19It is used the MC sample of the benchmark model H→ 4γd + X with H= 125 GeV,
because in this case, the LJ constituents have a lower boost with respect the other FRVZ
models. Therefore, its |z0| distribution will be wider than the others.[77]
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Selection requirement LJ Type

Preselection: muons with |η| ≤ 1.0 or 1.1 ≥ |η| ≤ 2.4,
in a cone of ∆R = 0.5

Type0 (Type1)

Preselection: jets with pT ≥ 20 GeV and |η| ≤ 2.4,
in a cone of ∆R = 0.5

Type2 (Type1)

Muons have impact parameter |z0| < 280 mm Type0 (Type1)

Jets have a jet timing −4ns < ∆tCal < 4ns. Type2 (Type1)

Jet energy released in the Tile-Gap cells is < 10% Type2

Jets have an EM fraction < 0.1 Type2

Jets have a width < 0.058 Type2

Jets have a JVT < 0.56 Type2

Two-Sided No-Time Method used to reject BIB jets Type2

Muons are non-combined at ID level Type0 (Type1)

Table 4.3: Summary of the selection criteria for single LJ selection. The
first column briefly describes the requirements, while the second one the
corrisponding LJ types on which the requirements act. The selection criteria
are listed according to the order of application in this analysis.
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CHAPTER5
Event selection and systematics

5.1 Selection requirements at event level

In both the FRVZ benchmark models, an event consists of a pair of LJs.
In order to clean the signal and reduce the background, each LJ must satisfy
all selection criteria reported in Sec. 4.8. In addition, at the event level, two
cuts on the following variables1 are applied:

• the isolation of LJs ID track,

• the |∆φ| between the LJs.

Regarding the first cut, in both the FRVZ benchmark models, the LJs
are expected to be highly isolated in the Inner Detector. Therefore, in order
to reduce the QCD multijets background, this analysis requires an ID track
isolation around the LJ direction.

The track isolation variable
∑

pIDT is defined as the scalar sum of the
transverse momentum of the tracks with pT > 500 MeV, reconstructed in
the ID and matched to the primary vertex of the event, inside a cone of
∆R = 0.5 around the LJ direction.[77] The requirement of matching the

1As will be shown in Chap. 6, these two variables are used to perform the data-driven
ABCD method, which allows to evaluate the residual QCD multijet, BIB and cosmic
background contaminations.
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Figure 5.1: Distributions (normalized to the unit area) of the isolation
variable

∑
pIDT evaluated for:

• 2015 data samples: dijet control sample (black circles); Z→ µ+µ− sam-
ple (blue triangles); empty bunch-crossing sample (magenta squares).

• Monte Carlo samples: FRVZ sample H→ 2γd + X with H = 125 GeV
(pink solid blocks); Z → µ+µ− sample (black line).

The distribution corresponding to the FRVZ MC sample is very similar to
the Z → µ+µ− ones (both MC and data samples). Therefore the Z → µ+µ−

sample can be used as signal modelling to set the cut on the isolation variable.
The last bin of the dijet control sample distribution is high because, only for
illustration reasons, the overflow events are filled in.
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primary interaction vertex (defined as the vertex whose constituent tracks
have the largest

∑
p2
T ) reduces the dependence on the pile-up events.

In order to set a cut on the isolation variable of ID tracks, the
∑

pIDT
distribution of Z→ µ+µ− is used as modelling to study the corresponding∑

pIDT distribution for the FRVZ models. This can be done because, as shown
in Fig. 5.1, the

∑
pIDT distribution around a LJ from the benchmark models,

is very similar to that around the muons from Z→ µ+µ− MC sample2. This
is true for all the LJ types contemplated by the FRVZ models.

Moreover, in order to validate the
∑

pIDT distribution evaluated with Z→
µ+µ− MC sample, the Fig. 5.1 also shows the

∑
pIDT distribution evaluated

with Z→ µ+µ− from 2015 data. As it may be seen, there is very good
agreement between the two

∑
pIDT distributions, except for the first bin in

which there is a small discrepancy due to a possible mis-modelling of pile-
up.[77] In addition, the Fig. 5.1 shows the

∑
pIDT distribution for LJs in the

dijet data control sample3.
In order to have, for each event, a global variable for LJ selection, the

cut is set on Max
(∑

pIDT
)
, which is the highest LJ isolation value obtained

in a given event. Therefore, as shown in Fig. 5.1, the selection criterion of
Max

(∑
pIDT
)
< 4.5 GeV highly reduces the multijet background, without

significantly affects the signal. The value of this cut is set optimizing the
signal significance respect to the background.

Regarding the |∆φ| between the two LJs of a given event, as discussed
in Chap. 4, they are approximately back-to-back. In fact, as shown in Fig.
5.2, only few FRVZ events have a small value of |∆φ| between the LJs. On
the contrary, the |∆φ|LJ distribution evaluated from the background samples
(cosmics and BIB from empty bunch-crossing and dijets control sample) is
almost flat at small angle. Therefore, the selection requirement |∆φ|LJ >

0.63 rad reduces the multijet background, without significantly affecting the
signal. As the isolation variable, also this cut is set optimizing the signal

2The
∑

pIDT around the muons from Z→ µ+µ− must not include the ID tracks matched
to the muons themselves.

3For illustration reasons, for this sample the overflow events are filled in the last bin of
the

∑
pIDT distribution.
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Figure 5.2: Distribution of |∆φ| between the two reconstructed LJs from
the:

• benchmark model H→ 2γd +X with H = 125 GeV (pink solid blocks),

• empty bunch-crossings data (black points),

• dijets control data sample (magenta squares).

significance respect to the background.

5.2 Results of cut-flow

As reported in Sec. 4.3, this analysis uses the data collected by ATLAS
during 2015, and corresponding to a total integrated luminosity of 3.57 fb−1.
The interesting events are selected by the logical OR of the triggers listed in
Sec. 4.5, and finally, a set of selection criteria is applied on each LJ of the
event, such as described in Sec. 4.8. These are the key points of the cut-flow
on data, and the results are reported in Tab. 5.1. For this calculation no
selection requirements at event level are applied, i.e., no cuts on ID isolation
and |∆φ|LJ .
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LJ-LJ Channel Number of events

Type0 - Type0 13

Type0 - Type1 1

Type0 - Type2 61

Type1 - Type1 1

Type1 - Type2 8

Type2 - Type2 335

Table 5.1: For each channel, it is reported the number of events after the
cut-flow on data from proton-proton collisions collected during 2015. The
cut-flow only consists of selection criteria on single LJ, with no selection
requirements on LJ ID isolation and |∆φ| between two LJs.

The same cut-flow applied on proton-proton collisions data, it has been
applied on on background MC samples of the processes:tt, single-top, di-
photon, photon+jets, Drell-Yan e+e−(µ+µ−), Z+jets, W+jets, ZZ, WW,
WZ. In this case no events survive the cut-flow.

For the cosmic, BIB, and QCD background, as will be shown in next chap-
ter, a data-driven ABCD method is used to evaluate the residual background
contamination.

Finally, the cut-flow is applied on FRVZ MC samples both with 125
GeV and 800 GeV Higgs bosons. Supposing a branching ratio BR(125 GeV
H→ LJs) = 10%, the total number of events expected is 138± 3 for the 2γd

model, and 117± 2 for the 4γd model.
Regarding the 800 GeV Higgs-like heavy scalar boson, assuming a branch-

ing ratio BR(800 GeV H→ LJs) = 100% and a conventional cross section of
1.0 pb4, 70± 1 events survive for the 2γd model, while 155± 2 events survive
for the 4γd model.

4This value is choosen only to allow easy rescaling to any other cross sections.
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Source of systematic uncertainty Values (%)

Reconstruction efficiency of single γd 15

Narrow-Scan trigger 6

Tri-muon-MS-only trigger 5.8

CalRatio trigger 11

Luminosity 2.1

Pile-up effect on
∑

pIDT 5.1

Resolution of pT of γd 10

Table 5.2: Summary list of all systematic uncertainties on the expected
number of signal events.

5.3 Systematics uncertainties

This section describes the systematic uncertainties on the expected num-
ber of signal events. The results are summarized in Tab. 5.2.

5.3.1 On standalone muon reconstruction efficiency

The systematic uncertainty on single γd reconstruction efficiency, which
corresponds to the systematic uncertainty on the standalone muon recon-
struction efficiency, is estimated by comparing the J/ψ → µ+µ− reconstruc-
tion effiency, as a function of ∆R between muons, for MC and data samples.
The difference between the MC and data efficiency in the ∆R interval be-
tween 0.02 and 0.06 (where the FRVZ LJs are expected), is taken as system-
atic uncertainty. For this study we used the J/ψ → µ+µ− events because
they have high statistics, and also because muons from very boosted J/ψ are
collimated as in the FRVZ LJs.

The method used to evaluate the J/ψ → µ+µ− reconstruction efficiency is
the tag-and-probe (T&P ) method[109], and it is applied on data collected
during 2015 at

√
s = 13 TeV and MC samples.

The events are selected using a logical OR of triggers specifically designed
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to select J/ψ mesons: HLT_muX_bJpsi_Trkloose (with X= 4, 6, 10, 18).
The J/ψ events selection begins looking for the tag, which is a combined
muon with pT > 4 GeV and |η| < 2.4, firing one of the triggers5. Instead,
the probe is an ID track, with pT > 4 GeV and |η| < 2.4, such that the
∆R between tag and trobe is < 0.5. Moreover, the T&P pair must be
consistent with a J/ψ of pT > 16 GeV and invariant mass in the region
2700 < mT&P < 3500 MeV.

To avoid ambiguity, events in which, per each tag there is more than one
probe are rejected. Once the T&P pair is found, in some cases the probe
matches also the requirements of the tag. In these cases the event contains
two T&P pairs and both probes have been used to measure the efficiency.

Selected T&P pairs are arranged in two statistically independent groups:

• thematched-sample, which consists of T&P pairs in which the probe
is matched6 to a MS track;

• the unmatched-sample, which consists of T&P pairs in which the
probe is not matched to a MS track.

The reconstruction efficiency is evaluated by a simultaneous log-likelihood
fit of matched and unmatched-sample invariant mass distributions, using the
following functions:

fmat(m) = HS ε S(m; θS) +B(m; θBmat)

funmat(m) = HS (1− ε)S(m; θS) +B(m; θBunmat)
(5.1)

where m is the T&P invariant mass, ε is the efficiency, HS is the signal

height, and S(m; θS) and B(m; θB) are the signal and background models.

In particular, an exponential function is used as backgroung model, while as

signal model it is used a combination of two Gaussian functions with same
5The trigger matching is defined by requiring ∆R < 0.005 between the reconstructed

muon and the triggered object at HLT.
6A probe is matched with a MS track when it exist a muon, whose ID track particle

has the same pT and η of the probe ones.
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5.3. SYSTEMATICS UNCERTAINTIES

Figure 5.3: The systematics on standalone muon reconstruction efficiency is
estimated by the difference between MC and data J/ψ → µ+µ− reconstruc-
tion efficiency in ∆R = (0.02, 0.06). It amounts to 15%. For low ∆R values,
the efficiency decreased due to the difficulty for the MS tracking algorithms
to reconstruct two tracks with small angular separation.

mean but variance in the proportion of 1/2:

S(m; θS) = we−
1
2 (m−m

σ )2 + (1− w)e−
1
2 (m−m

2σ )2 (5.2)

with w as weight parameter. For the fitting procedure, the signal parameters
θS are forced to be the same in matched and unmatched-samples, while
the background parameters θBmat and θBunmat are left to vary independently.
Finally, the efficiency ε is extracted from the fitting procedure.

The simultaneous fit is performed in various intervals of ∆R between tag
and probe7. The difference between MC and data J/ψ → µ+µ− reconstruc-
tion efficiency in the ∆R = (0.02, 0.06) -where the FRVZ LJs are expected-
is taken as systematic uncertainty. As shown in Fig. 5.3 it amounts to 15%.

7The six ∆R ranges are identified by the following array:

∆R = (0.02, 0.06, 0.08, 0.1, 0.13, 0.16, 0.20)
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5.3.2 On Narrow-Scan trigger efficiency

As the systematic on standalone muon reconstruction efficiency, also the
systematic on Narrow-Scan trigger efficiency, is evaluated using the tag-and-
probe method on J/ψ → µ+µ− events both from 2015 data and MC samples.
The J/ψ → µ+µ− trigger efficiency is given as a function of the angular
aperture between the two muons, and the difference between data and MC
results in ∆R = (0.02, 0.06) is taken as systematic uncertainty.

As before, the interesting events are selected with a logical OR of trig-
gers specifically designed to select J/ψ mesons: HLT_muX_bJpsi_Trkloose
(with X= 4, 6, 10, 18). The selection of J/ψ → µ+µ− decays begins looking
for the tag, which is a combined muon with pT > 20 GeV and |η| < 2.4, firing
one of the triggers. The selection continues looking for the probe, which is
a combined muon, with pT >6 GeV and |η| < 2.4, such that the ∆R between
tag and probe is < 0.5. Moreover, the T&P pairs must be consistent with a
J/ψ with an invariant mass 2700 < mT&P < 3500 MeV. To avoid ambiguity,
only events in which there are two muons with pT > 6 GeV are accepted for
this study.

As done with the systematic on standalone muon recontruction efficiency,
the selected tag-and-probe pairs are arranged in two statistically independent
groups:

• the matched-sample, which consists of T&P pairs correspondent to
events in which the Narrow-Scan trigger is fired;

• the unmatched-sample, which consists of T&P pairs correspondent
to events in which the Narrow-Scan trigger is not fired.

Following the same procedure reported for the standalone muon reconstruc-
tion efficiency, also the Narrow-Scan trigger efficiency is estimated by a si-
multaneous log-likelihood fit of matched and unmatched-sample invariant
mass distributions, using the functions 5.1. The fits are performed in differ-
ent ranges of ∆R between tag and probe. The difference between MC and
data Narrow-Scan trigger efficiency, in the interval ∆R = (0.02, 0.06) is the
systematic uncertainty, and it is about 0.6%.
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5.3.3 Other systematics

Systematic uncertainty on Tri-muon-MS-only trigger
The uncertainty on the Tri-muon-MS-only trigger efficiency is 5.8%. It is

considered the same as the Run-1 data, which is reported in [78].

Systematic uncertainty on CalRatio trigger
As before, also the systematic uncertainty on the CalRatio trigger is con-

sidered the same as the Run-1 (see [78]), and it is mainly due to the low EM
fraction requirement. The value is 11%.

Systematic uncertainty on luminosity
The uncertainty on the integrated luminosity is evaluated from calibration

scans of the luminosity scale using xy beam separation. The result of the
systematic uncertainty on luminosity is 2.1%.

Systematic uncertainty on jet energy scale
This uncertainty, evaluated for LJ Type1 and Type2, is applied on MC

events. For both the FRVZ benchmark models, the systematic uncertainty
on jet energy scale is below 1%, therefore it is negligible.

Systematic uncertainty on
∑
pIDT due to pile-up

Pile-up can be a source of systematic uncertainty on the efficiency of
the isolation selection requirement (

∑
pIDT ). This uncertainty is estimated

by the comparing of the
∑

pIDT distribution as a function of the number of
interaction vertices in the event, for muons of Z→ µ+µ− evaluated both for
data and MC events. The maximum variation of

∑
pIDT between data and

MC is considered the systematic uncertainty. It amounts to 5.1%.

Systematic uncertainties on γd detection efficiency and pT resolu-
tion

The uncertainty on the γd detection efficiency, as a function of its decay
position is negligible. On the other hand, in the MC samples, the recon-
structed pT of the γd differs from the generated one. This it due to the pT
resolution and this effect inducing a 10% uncertainty.
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CHAPTER6
Results and interpretations

6.1 Data-driven background estimation

The residual QCD multijet, cosmic and BIB background contamina-
tions surviving the selection requirements, are estimated using a data-driven
likelihood-based ABCD method [110], as reccommended by the ATLAS Statis-
tics Forum.

The ABCD method is a simplified matrix method, based on the assump-
tion that the background is factorizable in a plane of two uncorrelated vari-
ables. An appropriate cut on these two variables, allows to identify four
regions “A”, “B”, “C”, “D”, where A is the signal-region, while the other
three are the control-regions. Therefore, the ABCD method allows both
to evaluate the background contamination, and to optimize the selection
requirements defining the signal region.

Using the ABCD method, the number NA of background events in the
signal region, is estimated using the control regions as:

NA =
NDNB

NC

(6.1)

In this analysis the variables used to identify the signal region are: Max
(∑

pIDT
)

and |∆φ|LJ , which are event-level variables with low correlation factor. After
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6.1. DATA-DRIVEN BACKGROUND ESTIMATION

the validation of the ABCD method1 in the control regions using unoptimized
cuts on the two variables, the results of cut optimization identify the signal
region: Max

(∑
pIDT

)
≤ 4.5 GeV and |∆φ|LJ ≥ 0.628 rad, see Fig. 6.1.

These two cuts must be added in the cut-flow process to select the signal,
while the formula 6.1 must be used to evaluate the expected background to
the signal region.

The Tab. 6.1 shows, for each channel decay, the observed data events
highlighting the effects of adding these two event-level requirements to the
original cut-flow constituted only by selection criteria on single LJ (as already
discussed in the previous chapter in Tab. 5.1). Taking into account the

1Going into detail, the ABCD method performs a simultaneous fit of the observed
events in the four regions. The overall likelihood function is:

L(nA, nB , nC , nD|µ, θµ) =
∏

i=A,B,C,D

e−NiNni
i

ni!
(6.2)

where ni are the four observables describing the number of observed events in the four
regions; µ is the parameter of interest defined as the ratio between the observed and
expected number of signal events in the region A; θµ is the set of nuisance parameters
describing the different backgrounds and the systematic uncertainties. All the systematic
uncertainties listed in Sec. 5.3 have been taken into account. Moreover, two additional
sources of systematic uncertainty must be considered:

• the residual correlation between the variables Max
(∑

pIDT
)
and |∆φ|LJ , which

causes a systematic uncertainty of 15%;

• the non-closure of the ABCD method performed on the sum of cosmic-ray, BIB and
dijets samples, which causes a systematic uncertainty of 22%.

Therefore, the two contributions give a systematic uncertainty of 27%. The four parame-
ters Ni are defined as:

NA = µNS
A,expected +NB

A

NB = µεB +NB
B τB

NC = µεC +NB
C τB τD

ND = µεD +NB
D τD

where εB , εC , εD are estimated from MC, and describe small leakages of signal into the
control regions; τB , τD are the nuisance parameters describing the ratio between the ex-
pected number of background events in the control region and in the signal one (from the
ABCD method ansatz: A = BD/C). The overall likelihood 6.2 is multiplied with addi-
tional Gaussian probability distribution functions to constrain the nuisance parameters.
Best estimates of the nuisance parameters and of the parameter of interest are obtained
using profile likelihood fits, and p-values and signal limits are derived using the CLs as
described in [111].

134



6.1. DATA-DRIVEN BACKGROUND ESTIMATION

Figure 6.1: Scheme of the ABCD method in the plane |∆φ|LJ ,
Max(

∑
pIDT ). According to the FRVZ models, LJs have high |∆φ|LJ and low

Max(
∑
pIDT ) (because they are highly isolated and produced mostly back-to-

back).[77]

expected high background for the Type2–Type2 events, the ABCD method
is performed on three categories: all events, excluding the Type2–Type2
event, and only the Type2–Type2 event. The results of ABCD estimations
and full cut-flow on data from proton-proton collisions collected during
2015 are shown in Tab. 6.2. As it may be seen, in all categories, no evidence
of signal is observed.

Besides the data, the full cut-flow (contained selection requirements on
single LJ, on LJ ID isolation and on |∆φ|LJ) is applied on FRVZ MC
samples too. In order to compare data and MC results, the number of MC
events are rescaled to the production cross-section of the sample processed
multiplied by the total integrated luminosity of 2015 data (3.5 fb−1). For the
125 GeV Higgs boson it is considered the SM gluon fusion Higgs production
cross section, while for the 800 GeV heavy scalar boson a conventional cross
section of 1.0 pb is used.
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Channel Single LJ cut-flow Full cut-flow

Type0 - Type0 13 9

Type0 - Type1 1 0

Type0 - Type2 61 37

Type1 - Type1 1 0

Type1 - Type2 8 0

Type2 - Type2 335 239

Table 6.1: For each channel of LJs pair, it is shown the number of events
surviving the cut-flow on data from proton-proton collisions collected during
2015. In particular, the second column refers to the results obtained after
applying the selection requirements on single LJ, while the third column
refers to the observed events after the full cut-flow (single LJ selection and
cuts on |∆φ|LJ and Max(

∑
pIDT )).[112][94]

Category Observed events Expected background

All channels 285 231± 12 (stat) ± 62 (syst)

Type2 - Type2 excluded 46 31.8± 3.8 (stat) ± 8.6 (syst)

Type2 - Type2 only 239 241± 41 (stat) ± 65 (syst)

Table 6.2: Number of observed events on data from proton-proton colli-
sions collected during 2015, after the application of the whole cut-flow. The
corresponding residual background estimated with the ABCD method are
reported too.[77]
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mH = 125 GeV mH = 800 GeV
Channel H→ 2γd +X H→ 4γd +X H→ 2γd +X H→ 4γd +X

Type0 - Type0 80± 2 70± 2 16.0± 0.2 56.0± 0.8

Type0 - Type1 - 16.0± 0.8 - 17.0± 0.4

Type0 - Type2 31± 1 9.0± 0.6 27.0± 0.5 31.0± 0.6

Type1 - Type1 - 1.0± 0.2 - 1.4± 0.1

Type1 - Type2 - 0.01± 0.01 - 3.3± 0.2

Type2 - Type2 2.0± 0.5 0.34± 0.10 10.0± 0.3 3.2± 0.2

All channels 113± 2 96± 2 53.0± 0.6 112± 1

Table 6.3: Number of LJ pairs surviving the full cut-flow on the FRVZ MC
samples. The 2nd and 3rd column refer to the two FRVZ models with 125
GeV Higgs boson, while the 4th and 5th refer to the same models with 800
GeV heavy scalar boson. In the last row is shown the total expected number
of signal events.

Assuming that the branching ratio of 125 GeV Higgs boson to Hidden
Sector is 10%, the total expected number of signal events is 113 ± 2 for the
FRVZ model with 2γD, and 96 ± 2 for the FRVZ model with 4γD, see Tab.
6.3.

On the other hand, assuming that the branching ratio of 800 GeV heavy
scalar boson to Hidden Sector is 100%, the total expected number of signal
events is 53.0± 0.6 for the FRVZ model with 2γD, and 112± 1 for the FRVZ
model with 4γD, see Tab. 6.3.

6.2 Limits in FRVZ models

As seen in the previous section, no evidence of signal is observed in data
from proton-proton collisions collected during 2015. Therefore, the result of
the LJs search is used to set, for the two benchmark models, upper limits on
the Higgs boson BR to LJs, as a function of the γD mean lifetime. Since the
channel LJs Type2-Type2 has high background and low signal efficiency, it
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Figure 6.2: Ratio of the γD detection efficiency at a given cτ to that at cτ0 =
47 mm (red line) for the model 125 GeV H→ 2γd+X. The black points refer
to the values of this ratio using MC full simulation at cτ = 4.7, 20, 47, 470
mm, and they are in good agreement with the pseudo experiment process.[77]

has been excluded.
The limit setting as a function of the γD mean lifetime cτ , is performed

using the CLs method[113], both for FRVZ models with 2γD and with 4γD,
considering both 125 GeV and 800 GeV Higgs bosons.

The CLs procedure begins with the set up of MC pseudo esperiments,
as described in the following steps:

1. The FRVZ MC signal sample 125 GeV H→ 2γd +X with cτ0 = 47 mm
is choosen as MC reference sample.

2. For this MC reference sample, have been evaluated the γD detection
efficiency2 after the full cut-flow, as a function of the γD decay length
(Lxy in the barrel, Lz in the end-cap) and transverse momentum pT .
Therefore, two γD detection efficiency tables are produced: one as a
function of Lxy and pT , the other as a function of Lz and pT .

2Efficiency is understood to mean acceptance times efficiency.
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3. A large number of MC pseudo experiments of the model H→ 2γd + X

are produced. Each i-th MC pseudo experiment has a different γD
mean lifetime choosen in the range 0.5 ≤ cτi ≤ 5000 mm, while the
pT and η of the γD are extracted from the MC reference sample. For
each i-th MC pseudo experiment, the γD decay length (Lxy and Lz)
is obtained using an exponential distribution whose parameter is the
mean lifetime cτi.

4. Based on the γD transverse momentum and decay length, each i-th
MC pseudo experiment is weighted by the corrisponding γD detection
efficiency (obtained from the efficiency tables built at 2).

5. The number of detected events in each i-th MC pseudo experiments, is
rescaled by the ratio of the integrated detection efficiency at cτi to the
integrated detection efficiency at cτ0. The distribution of this ratio is
shown in Fig. 6.2.

This procedure is repeated for the other benchmark models: 125 GeV H→
4γd +X and 800 GeV H→ 2(4)γd +X.

The number of detected events from the MC pseudo experiments, and the
expected number of background events in the signal region obtained from the
ABCD method, are used as input of the CLs method to obtain upper limits
at 95% on the cross section times branching ratio (σ×BR) of Higgs boson to
LJs in the benchmark models.

The exclusion limits on σ×BR, as a function of γD mean lifetime, for the
two FRVZ models with 125 GeV Higgs boson are shown in Fig. 6.3. The re-
sults are obtained excluding the channel LJs Type2-Type2, and assuming a
σ = 44.13 pb (which is the SM gluon fusion Higgs production cross section).
The expected limit is shown as the dashed curve, while the solid curve cor-
responds to the observed limit. The horizontal lines, which indicate σ×BR
for the two possible values of SM Higgs boson branching ratio to dark pho-
tons, define the 95% CL exclusion limits. Therefore, using a BR(125 GeV
H→ LJs) = 10%, the σ×BR ' 4.4pb and the range of γD mean lifetime
excluded is 2.2 ≤ cτ ≤ 11.3 mm for the FRVZ model with 2γD, and
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(a) 125 GeV H → 2γD +X (b) 125 GeV H → 4γD +X

Figure 6.3: The 95% upper limits on the σ× BR as a function of the γD
lifetime (cτ), for the FRVZ models with 125 GeV Higgs. The Fig. 6.3a shows
the limits for the FRVZ model H → 2γD +X, while Fig. 6.3b for the FRVZ
model H → 4γD + X. The horizontal lines correspond to σ×BR for two
values of the BR of the Higgs boson decay to dark photons.[77]

3.8 ≤ cτ ≤ 163.0 mm for the FRVZ model with 4γD.

Similarly, the upper limits using 800 GeV Higgs-like heavy scalar boson
are shown in Fig. 6.4. The channel LJs Type2-Type2 was excluded, and
the 95% CL exclusion limits are obtained assuming a σ×BR of 5 pb (hor-
izontal line) and a BR(H→ LJs) = 100% for the 800 GeV heavy scalar
decay to FRVZ LJs. Therefore, the range of γD mean lifetime excluded is
0.6 ≤ cτ ≤ 63mm for the FRVZmodel with 2γD, and 0.8 ≤ cτ ≤ 186

mm for the FRVZ model with 4γD.

Recent observation of anomalous internal pair creation in Beryllium-8
(8Be), is interpreted as a possible signature of a light, neutral “protopho-
bic” boson of 16.7 MeV decaying in e−e+ pairs from the dark sector.[114] A
TYPE2-TYPE2 signal can be related to the framework of this protophobic
boson assuming that a 800 GeV Higgs-like heavy scalar boson with a BR of
100% to 2γD +X. The γD mass is assumed 16.7 MeV and it decays only to
electron pairs. Fig. 6.5 shows the 95% upper limits on the σ×BR, as a func-
tion of γD mean lifetime cτ . Assuming a σ×BR= 10 pb, the range excluded
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(a) 800 GeV H → 2γD +X (b) 800 GeV H → 4γD +X

Figure 6.4: The 95% upper limits on the for the σ×BR as a function of
the γD lifetime (cτ), for the FRVZ models with 800 GeV Higgs-like heavy
bosons. The horizontal lines correspond to a σ×BR of 5 pb.[77]

is 2.7 ≤ cτ ≤ 21 mm.
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Figure 6.5: The 95% upper limits on the σ×BR as a function of the γD
lifetime for the FRVZ model H→ 2γD + X, with a mγD = 16.7 MeV. The
BR(800 GeV H→ LJs) is assumed of 100%. The horizontal line corresponds
to σ×BR= 10 pb.[77]
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Conclusions

This thesis broaches two complementary subjects: the searching for long
lived particle decaying in LJs analyzing data collected by ATLAS experi-
ments, and the construction of detectors that will be installed in ATLAS.
In order to study new physics phenomena, in fact, it is necessary to have
detector more and more efficient, developing both engineering and physics
skills.

In the last century, the Standard Model has been widely verified by a
large number of particle physics experiments. However, there are many the-
oretical and experimental unaswered questions, like the muon anomalous
magnetic dipole moment and the Dark Matter mistery. In order to find a
solution for these issues, recently, theories beyond the Standard Model arouse
great interestest in the international scientific community. In particular, at
CERN thousand of particle physics use the most powerful particle accelera-
tor, searching for evidences leading to an explanation.

Several theories beyond the Standard Model predict the existence of a
Hidden Sector weakly coupled to the visible one. In order to consider the
simplest case, in this thesis the Hidden Sector is a non abelian group U(1),
whose symmetry is broken at low energy scale, and the associated neutral
gauge boson, called dark photon (γD), has mass in the range of MeV to
GeV. The weakly coupling between Hidden Sector and Standar Model is
obtained by a low kinetic mixing between the dark photon and the visible
one, which allows dark photon decays in the Standard Model.

Due to the γD low mass and non-negligible lifetime, the dark photon
decays at LHC produce displaced Lepton Jets structures. In order to
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be as much as possible model independent, a generic definition of displaced
Lepton Jets has been used in this thesis: collimated jets of high energetic
muons, electrons and pions pairs produced far away from the proton-proton
interaction point.

Although no evidence of signal is found analyzing proton-proton collisions
at
√
s =13 TeV, this work has successful determined a set of selection criteria

capable to isolate the dark photon signature in the ATLAS detector, and to
reduce the Standard Model backgrounds. Moreover, this analysis uses as
benchmark, two simplified Falkowsky-Ruderman-Volansky-Zupan models, in
which the SM Higgs boson (or an 800 GeV Higgs-like heavy scalar boson)
decays to dark photons of 400 MeV, producing a Lepton Jets pair. For the
benchmark models, this analysis has set upper limits at 95% on the SM Higgs
boson (and heavy scalar Higgs boson) branching ratio to Lepton Jets, as a
function of γD mean lifetime cτ .

In particular, for the benchmark model H→ 2γd+X, the exclusion limits
found are 2.2 mm ≤ cτ ≤ 11.3 mm and 0.6 mm ≤ cτ ≤ 63 mm, respectively
for the 125 GeV and 800 GeV Higgs boson. On the other hand, for the
benchmark model H→ 4γd +X, the ranges of γD mean lifetime excluded are
3.8 mm ≤ cτ ≤ 163.0 mm and 0.8 mm ≤ cτ ≤ 186 mm, respectively for
the 125 GeV and 800 GeV Higgs boson. Comparing these results to those
obtained using data from proton-proton collisions as

√
s = 8 TeV (see [78]),

this analysis has found stricter exclusion range, due to the improvements in
trigger and reconstruction efficiencies.

In order to further improve the results of this analysis, besides incresing
the integrated luminosity and the energy of the center of mass, it is very
important to improve both trigger and reconstruction efficiency. In fact,
the standard ATLAS triggers require tracks pointing back to the interac-
tion point, therefore, they are not designed for exotic physics which predict
the existence of long lived particles. Similarly, many Hidden Valley models
(as the FRVZ described in this thesis) predict particles in the final states
with very small opening angle. The current ATLAS tracking system is not
designed for these kind of physics searches.
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Therefore, the ATLAS Collaboration have planned the Phase-II TDAQ
upgrade, which is designed to enable a wide range of precision measurements
and searches for rare processes within or beyond the Standard Model. This
upgrade will be performed in 2024 − 2027, and takes advantage of other
ATLAS detector system that will be upgraded during the Phase-I (2019 −
2020) and Phase-II upgrades. In particular, the New Small Wheel, which will
be installed during the Phase-I upgrade, meets the Phase-II requirements of
angular resolution of 1 mrad, and are designed to operate at high luminosity
conditions.[63] Therefore, the New Small Wheels are an important upgrade
towards future improvements for the exotic physics searches.

During the ATLAS Phase-I upgrade (2019 − 2020), the existing Small
Wheels (SW) located in the inner layer of the end-cap region of the Muon
Spectrometer, will be replaced by the New Small Wheels (NSW). The
main reason of this upgrade lies in the necessity to improve the tracking
performance and to reduce the trigger rate including the NSW in the Level-
1 trigger, in order to consolidate an improve the physics capabilities of the
ATLAS detector in view of the instantaneous luminosity increasing.

The NSW will be constituted by a set of precision tracking and trigger
detectors able to work at high rates of incident particles, and it will ensure
a moment resolution of 15% for muons with pT ∼ 1 TeV. Each of the NSW
will consist of 16 sectors constituted of a combination of “small-strip Thin
Gas Chambers” (sTGC) and Micro-MEsh Gaseous Structure detector
(MicroMegas). Although sTGC will be primarily dedicated to trigger, while
MicroMegas to tracking, in order to obtain a redundant detector system,
both detectors will be used for trigger and precision tracking measurements.

The NSW will be equipped with eight layers of MicroMegas detectors,
arranged in two quadruplets, for a total of 1200 m2 of active layers. All
quadruplets have trapezoidal shapes with surface areas between 2 − 3 m2 .
In order to achieve the NSW resolution requirements, the MicroMegas must
have a spatial resolution of 100 µm on the precision coordinate, of 2−3 mm in
the azimuthal coordinate, and an angular resolution of 1 mrad. Therefore, a
challenging mechanical precision is required, expecially considering the large
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detector dimensions.
This thesis has described the NSW MicroMegas detector technology, fo-

cusing on the construction procedure of the SM1 MicroMegas quadruplets.
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Appendix

I Interaction of charged particles with matter

When a charged particle passes through a gaseous medium, the most
probable interaction is the electromagnetic one. In particular, the main
process is the Coloumb interaction between the electromagnetic field of the
incoming particle and of the medium, resulting in both excitation and ion-
ization of the atoms of the medium itself.[6]

Moreover, if the particle is heavier than electron, processes like Cerenkov,
bremsstrahlung and transition radiation can be neglected. In this condition,
the average energy loss dE per unit length dx is described by the Bethe and
Block equation:

dE

dx
= −4πNAr

2
emec

2Z

A

z2

β2

(
ln

2mec
2γ2β2

I
− β2 − δ(β)

2

)
(3)

where NA is the Avogadro number; z, β and γ respectively are the charge,
the velocity (in unit of c) and the Lorentz factor of the incident particle; Z
and A are the atomic and mass number of the medium, respectively; I is
the mean excitation energy of the atoms of the medium; me and re are the
electron mass and radius. The δ(β), so-called density term, is a correction
term introduced by Fermi. It depends on the material density, and for gases
under normal pressure can be neglected.[68][71]

As shown in Fig. 6, at first the average energy loss decreases rapidly
due to the term 1/β2. For relativistic energies (when the particle velocity
is β ' 0.95, therefore βγ ' 3), the curve reaches a minimum. A particle
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at the energy loss minimum is called minimum ionizing particle. After
the minimum, the energy loss increases due to the logarithmic term (see eq.
3). The logarithmic rise is limited by polarization of the medium, which is
described by the density term. Therefore, at high γβ values, the average
energy loss reaches a plateau, see Fig. 6.

Bethe-Bloch equation gives only the average energy loss of charged par-
ticles by ionization and excitation processes. For thin absorbers like gaseous
detectors, strong fluctuations around the average energy loss appear. There-
fore, the shape of the energy loss distribution is describerd by the Landau
distribution.[71][64]

When a charged particle passes through a gaseous medium and ionizates
it, pairs of electrons (so-called primary electrons) and ions are liberated.
Once released in the gas, and under the influence of an applied electric field,
electrons and ions drift in opposite directions and diffuse towards the elec-
trodes. Sometimes the ejected electrons have energy larger than the ion-
itazion potential of the medium, therefore, they produce secondary elec-
trons.[71] This results in the creation of an electron avalanche with a
drop-like shape, see Fig. 7. Since the electron drift faster than ions (be-
cause their mass is smaller), the electrons distribute on the head of the drop,
leaving behind the ions.

Assuming that, for a constant electric field, the electron drift velocity
is constant (−̇→v drift = 0), it can be parameterized by:

−→v drift =
µ

1 + ω2τ 2

(
−→
E +

ωτ

B
(
−→
E ×

−→
B ) +

ω2τ 2

B2
(
−→
E ·
−→
B )
−→
B

)
(4)

where
−→
B and

−→
E are the magnetic and electric field, respectively; τ is the

average time between two electron-gas collisions; µ = eτ
m

is the mobility;
ω = eB

m
is the cyclotron frequency.[115]

If
−→
E⊥
−→
B , the drift velocity becomes:

|−→v drift| =
µE√

1 + ω2τ 2
(5)
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Figure 6: Ionization energy loss as a function of βγ, for a charged particle
of mass M and momentum p. As it may be seen, the average energy loss de-
creases as 1/β2 in the low velocity region, reaching the energy loss minimum
at βγ ' 3. After that, the curve is characterized by a logarithmic rising, and
a plateau due to the density term.

Figure 7: Sketch of the drop-like shape of an avalanche formation.
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In this condition, the angle α between the drift velocity and the electric field
is called Lorentz angle, and it is descripted by:

tg(α) = ωτ = vdrift
B

E
(6)

As electrons and ions drift within the gas medium, they have multiple
collisions with the gas atoms and molecules. These ionizations produce a
deviation of electrons and ions from their initial trajectory. This process
is called diffusion and can be described with by the following Gaussian
distribution:

dN

N
=

1√
4πDt

exp

(
− x2

4Dt

)
dx (7)

where dN
N

is the fraction of the charge which is found in the length element
dx at a distance x after a time t, and D is the diffusion coefficient.[115] The
standard deviations for a linear or volume diffusion are, respectively:

σx =
√

2Dt

σy =
√

3σx =
√

6Dt
(8)

The drift velocity and diffusion of electrons depend on the nature of the
gas. In fact, the inelastic cross-section involves the rotational and vibrational
levels of molecules: in noble gases, the inelastic cross section is zero below
excitation and ionization thresholds. Large drift velocities are achieved by
adding polyatomic gases (usually CH4, CO2, or CF4) having large inelastic
cross sections at moderate energies, which results in “cooling” electrons into
the energy range of the elastic cross-section of argon (∼ 0.5 eV). The re-
duction in both the total electron scattering cross-section, and the electron
energy results in a large increase of electron drift velocity.[68]

Another principal role of the polyatomic gas is to absorb the ultraviolet
photons emitted by the excited noble gas atoms, for this reason they are
called quench gases. The choice of the polyatomic gases depends also by
other reasons like the ageing consequences and the safety. Especially for large
gaseous detectors, it is important to use non-flammable and non-corrosive
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gases.

II Gas tigthness test of SM1 MicroMegas panel

The gas tightness test is one of the essential QA/QC test performed
on the MicroMegas quadruplets. The pressure decay rate of an air volume
contained in a single SM1 MicroMegaspanel vessel is used to estimate the
gas tightness of the panels of the NSW Micromegas Multiplets. Because the
vessel volume changes sensibly during the gas fill to reach the overpressure
from which the gas test starts, the gas leak rate must be deduced from the
drop rate of the product between the pressure and volume PV of the gas-gap
between the vessel and the panel. The volume variation is deduced from the
relation between the air flow volume inserted into the gas-gap Vair and the
relative pressure rise ∆P . The PV decay rate method and the influence of
room temperature and atmospheric pressure on this estimate are described.

II.a Gas leak rate specification

The NSW MicroMegas quadruplets are filled with Ar:CO2 (93:7) at an
overpressure of 2 mbar and with a flux of 6.8 − 10.4 Nl/h. The main rea-
son of flushing fresh gas into the chamber is to reduce the air contamination
due to the gas sealing limit of the Micromegas Quadruplets. Calculations
to determine the feasible gas sealing level of this detector were made by T.
Alexopoulus, S. Maltezos et al., and are reported in [116]. The authors of
this work employed the principles of the Contact Mechanics and the Perco-
lation theory, taking into account: (i) the properties of the surfaces, (ii) the
elastomer rope plane modulus, (iii) the parameters of the sealing system, and
they determined the gas leak rate as a function of the squeezing pressure.

The elastomer used for the NSW MicroMegas quadruplets is EPDM shore
A 70. It has 7 mm diameter, viscoelastic modulus E= 0.675 MPa and pla-
nar elastic modulus E’= 0.892 MPa. This elastomer is placed between two
parallel different hard surfaces: the FR4 layer (of the drift panel), and the
Kapton layer (of the readout panel). In the best case, the feasible gas leak
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rate amounts to 0.07± 30% mbar/h when the gauge pressure is 3 mbar and
the squeezing pressure is 3.2 bar (assumed uniform along the elastomer rope).
This value is about 1/10 lower than the nominal acceptance limit set by the
ATLAS-NSW specifications 0.6 mbar/h[59], and the reasonable leakage level
of MicroMegas quadruplets have to be in the interval 0.07 - 0.6 mbar/h.

Due to the different roughness of the two hard surface employed in the
MicroMegas quadruplets, the gas leak is dominated by the small orifices
present between the FR4 surface and the O-Ring (the Kapton does not con-
tribute to the result since its roughness is much smaller compared to that of
FR4). These orifices are seen also by the air molecules that can enter into
the detector active volume and contaminate the gas mixture. The associated
mechanism is the air binary diffusion to the Ar/CO2 mixture. From empiric
consideration it is possible to assume that the tightness to air (from exterior
to interior) is of the same order of magnitude that to Ar/CO2 (from the
interior to exterior).

Theoretical calculation are ongoing to evaluate the quantity of air moles
per time unit that enter into the detector active volume.

Detector performance simulations based on Garfield program and test
with small prototypes, have demonstrated that the detector gain is reduced
of 10% with an air contamination of 1%. This is due to the presence of
electronegative gas molecules like oxygen that remove electrons from the
multiplication process. If the air enters into the chamber approximatively
at same rate as well as the Ar/CO2 leak, and the gas renews at rate of 4
complete volume change per day, the air contamination will result at level of
0.3%.

II.b The measurement method

To estimate the amount of gas leak through the surface between the O-
Ring and the the FR4 layer, a pair of aluminum panels with an aluminum
honeycomb internal structure (so-called vessel panels) is built. These vessel
panels have same shape and dimension of a SM1 MicroMegas drift panel, and
they are built with the vacuum bag on a certificate granite table in order to
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Figure 8: Air volume pushed into the vessel by a syringe as a function of the
measured overpressure of the gas gap. The vessel encloses the central panel
SM1C-0004. During these measurements the atmospheric pressure and the
gas temperature are constant: 1000.2 mbar and 22.5 celsius, respectively.

be flat, moreover they don’t have any holes, therefore they are gas tight.
The gas tightness test start enclosing a finalized drift panel (completed

of mesh frame, gas-gap frame, interconnection drift spacers, O-Ring) in the
vessel. If the SM1 drift panel to test is an external one, then it is paired with
one vessel panel; while if the drift panel to test is a central one, it is enclosed
inside both vessel panels, but only the gas tightness test is performed to one
side per time. The, the gas outlet is closed and the gas-gap formed between
the drift panel and the vessel panel is filled, usign the drift panel gas inlet,
with air reaching 3−4 mbar differential pressure with respect to the exterior.
During the test, to stiffer the vessel, avoiding deformations, an exoskeleton
is added to the exterior.

The pressure drop is monitored for at least 2 hours. Because the vessel
volume changes slightly during the gas fill, to measure the gas leak we have
to measure first the overpressure as a function of the amount of air pushed
into the chamber. Fig. 8 shows the total volume of air (in ml) pushed into
the vessel that contain the central drift panel SM1C-0004, as a function of
the overpressure (in mbar) measured at the end of each gas fill. The desired
overpressure is reached by steps of 25 ml by means of a 50 ml syringe, as
illustrated in Fig. 9.
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Figure 9: Set up employed to control the air volume pushed into the cham-
ber. Each gas fill was 25 ml. The overpressure has been recorded at the end
of each gas fill after 10 s from the filling.

The measurement time interval is normally less than a quarter of hour
and during this interval neither the atmospheric pressure nor the temperature
have been sensibly changed. The example reported in Fig. 8 refers to P4atm =

1000.2 mbar and T= 295.6 K and the data points are well represented by
the linear equation:

Vair = 42.7 ·∆P + 0.098(ml) (9)

The amount of air pushed into the chamber to raise its pressure of 1
mbar results equal to about 0.042 liters. For comparison the amount of air
necessary to increase the pressure of 1 mbar in one gas-gap of the SM1 Mi-
croMegas quadruplets, which volume is 7.5 l and in the ansatz of volume non-
deformable by the overpressure, is 0.0075 l. This means that about 82% of
the inserted air increases the initial volume. Moreover, the detector container
reacts to the stress due to overpressure as well as an elastic medium. The
linear relation between the overpressure (stress) and the increased volume
(deformation) demonstrates the elastic behavior of the detector container.

At the end of the air fill of the gas-gap container, the overpressure ∆P

is monitored for an adequate time period (> 1 h). The ∆P as a function
of time for the central drift panel SM1C-0004 is shown in Fig. 10. In this
example the differential pressure increases constantly during all the time
period of the measurement (3.7 hours). The reasons of this behavior must be
searched in the variation of the environmental conditions and it is crucial to
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Figure 10: The gas-gap has been filled with 0.15 l of air reaching 3.5 mbar
overpressure. Then the differential pressure has been monitored for about 3.7
hours. During this measurement both temperature and atmospheric pressure
changed. To extract the correct leak rate from these data it is needed to
correct them for the environmental condition variations.

estimate the effects of it to determine correctly the leak rate of the panel. If
both temperature and atmospheric pressure do not change during this time
interval, the overpressure will show a characteristic decay function and eq.
9 can be used to obtain directly the air leak rate. On the contrary if the
environmental conditions change, as in this example, the leak rate must be
obtained only after applying the necessary corrections to ∆P . The following
sections treats separately the effects of temperature and atmospheric pressure
on the overpressure measurements.

II.c Pressure drop correction for temperature

During the differential pressure monitor, the temperature may changes.This
temperature variation produces an unexpected change of the internal pres-
sure that it is necessary to evaluate and correct.

The correction can be estimate using the equation of state of ideal gas. If
the container is gas tight and the atmospheric pressure doesn’t change during
the measurement, the internal pressure can change only if the temperature
changes. In the example considered here the geometrical gas-gap volume
is V0 = 7.5 · 10−3m3 and that one of the syringe is (0.15) · 10−3m3, the
starting temperature is T0 = 295.6 K and the air pressure is the atmospheric
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one Patm = 1000.2 mbar. Using these values it is possible to compute the
total number of moles: n0 = (7.5+0.15)·10−3Patm

R·T0 = 0.311 mole. When the air
contained into the syringe is pushed into the gas-gap both the pressure of
the air in the gas-gap and the volume of the container increase. The worth
of the quantity PV is

(PV )t=0 = n0 ·R · T0 (10)

The subscript ”t=0” stays for the instant at which the air contained into
the syringe is pushed into the gas-gap and internal pressure monitor starts.
Because, for hypothesis, the container is gas tight and the atmospheric pres-
sure doesn’t change during the measurement period, the value of PV (t) can
change only if temperature changes

PV (t) = n0 ·R · T (t) (11)

and the correction to apply to data can be obtained from the difference
between eq. 10 and eq. 11

(PV )t=0 = PV (t) + n0 ·R · [T0 − T (t)] (12)

The quantity PV(t) at generic instant time t is bring back to the value
at instant time t=0 when the temperature was T0. This quantity can be
re-write in the following way

(PV )(t) = n(t) ·R · T0 =
[V0 + Vsyringe(t)] · Patm

R · T0

·R · T0 (13)

where Vsyringe(t), deduced from eq. 9, is the amount of air to be added
into the gas-gap to obtain the measured differential pressure at instant time
t. In other words, the quantity PV (t) is expressed in term of number of
mole variation. Therefore eq. 12 become

(PV )t=0 =
[V0 + Vsyringe(t)] · Patm

R · T0

·R · T0 + n0 ·R · [T0 − T (t)] (14)
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and after some simplifications the quantity PV with the temperature
correction is

(PV )t=0 = [V0 + Vsyringe(t)] · Patm + n0 ·R · [T0 − T (t)] (15)

In the gas tightness measurement of the SM1C-0004 drift panel, the gas-
gap internal pressure and the air temperature, ∆P (t) and T (t), are recorded
on a text file every 3 seconds using a microcontroller STM32-F03. For every
instant time t the overpressure is put in eq. 9 to compute the corresponding
amount of the inserted air Vair(t). This value and the air temperature are
used to compute the first and second term of eq. 15, respectively. Figure 11
shows the behavior of the natural logarithm of the quantity [V0 +Vsyringe(t)] ·
Patm (black dots) and of ln(PV )t=0 computed using the eq. 15 (green dots).
The raw data increases with time instead after the temperature correction the
data decreases following an exponential relation as expected in the Laminar
Leak Model [116]. By this model the leakage takes place in a viscous channel
with laminar flow where the leak rate is a linear function of the gauge pressure
(QL = s · p where s is a scale factor and p is the gauge pressure). The fit of
temperature corrected data is performed using the function lnPV (t) = at+b

and the leak rate at t=0 is −0.00072 ·e7.322 = 1.09Pa ·m3/h = 3 ·10−6bar · l/s
and corresponds to the leak rate at 3.5mbar of gauge pressure. To express
the leak rate at 3mbar gauge pressure it is necessary to apply the following
proportion QL(p1)

p1
= QL(p2)

p2
. In this case QL(3mbar) = QL(3.5mbar)

3.5mbar
· 3mbar =

2.6·10−6bar ·l/s. The ATLAS requirements for the gas tightness of the panels
is 2.5 · 10−6bar · l/s.

Instead to present data using eq. 15, it is possible to show them in terms
of the air remnant Vair(t) from eq. 9. In this way the leak rate is directly
given in liter/h at the atmospheric pressure, and it results independent to
the inflation of the volume due to the overpressure. The correction to apply
to the variable Vair(t) to take in consideration the temperature variation
can be extracted in the following way. If the gas-gap is gas tight and the
temperature doesn’t change, the ideal gas low can be written as following
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Figure 11: Natural logarithm of the variable PV computed starting from
the gas-gap overpressure measurement and the relation between air flow rate
and pressure rise into the gas-gap (eq. 9). The raw data are the black dots,
instead the data after air temperature correction are the green dots. These
last one are well fitted with the function lnPV (t) = at+ b.

Patm · [V0 + V T0
air(t)] = n0 ·R · T0 (16)

If the gas-gap is tight but the temperature varies, the eq. 16 become

Patm · [V0 + V
T (t)
air (t)] = n0 ·R · T (t) (17)

being Patm the atmospheric pressure measured at the beginning of the
data tacking. Taking the difference between eq. 16 and 17 and using little
algebra, the corrected value of lose air volume become

V T0
air(t) = V

T (t)
air (t) +

n0 ·R
Patm

· [T0 − T (t)] (18)

Figure 12 shows the raw data (black dots) and those after temperature
correction (green dots). The last one are fitted with the function Vair(t) =

A+Beλt. The leak rate at t=0 amount to Vair
dt
|t=0 = B · λ=0.19 ml/min and

corresponds to a gauge pressure of 3.5mbar. This result converted to 3mbar
gauge pressure gives QL(3mbar) = 0.16ml/min. The ATLAS requirements
for the panel tightness is V · 10−5l/min = 0.15ml/min.

Figures 13 shows the positive correlation between the differential pressure
of the gas gap with respect to the exterior and the air temperature. Because
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Figure 12: Remnant volume of air pushed into the gas-gap obtained from
eq. 9 (black dots) and that one after air temperature correction from eq. 18
(green dots). The data with temperature correction are well fitted with the
function Vair(t) = A+Be−λt.

∆P depends also from the leak rate and from the atmospheric pressure it
is possible to conclude that in this particular case the differential pressure
increase with temperature at rate of d∆P

dT
= 0.73mbar/C.

Figures 14 and 15 show the behavior of the room temperature and atmo-
spheric pressure during the SM1C-0004 gas tight measurement campaign.
The air temperature has slowly and continuously increased from 22.5 C
and 24.7 C, instead the atmospheric pressure has decreased in average from
1000.0mbar to 997.5mbar.

II.d The atmospheric pressure effect on the gas leak

Due to the elastic behavior of the vessel when the air is pushed into the
vessel, changes in atmospheric pressure are almost compensated by the de-
formation of the vessel itself. When Patm increases/decreases of dP the vessel
deforms in order to reduce/enlarge the gas-gap volume and consequently in-
creases/decreases the internal pressure of dP. In other words the effect of
atmospheric pressure is to vary the gas-gap volume and consequently the
internal pressure, but in such a way that the internal pressure balances the
external one, leaving the difference practically unchanged. It should be said
that the gas leak changes with absolute internal pressure because both den-
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Figure 13: Differential pressure of the gas gap as a function of the envi-
ronmental temperature. A positive correlation between these two variables
is clear.
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Figure 14: Air temperature during the SM1C-0004 gas tightness test. It
rises slowly and continuously during the measurement campaign at constant
rate of 0.3 K/h.
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Figure 15: Atmospheric pressure during the SM1C-0004 gas tightness test.
It decreases slowly and continuously during the measurement campaign at
constant rate of 0.67 mbar/h. The sharp jumps are due to the resolution of
the ADC employed to acquire the barometric sensor.

sity and velocity of molecules change and consequently the probability of
escaping from the volume through the gas leak holes. The effect is under
study and at present it is considered a second order correction.
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